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ABSTRACT 
 
Detrital tourmaline has proven useful as a provenance indicator mineral of ancient 
sedimentary/metasedimentary units due to its presence in many rock types, chemical 
responsiveness to environments of formation, complex and variable chemical compositions, high 
resistance to chemical and mechanical weathering, and stability through diagenesis and 
metamorphism.  This study further establishes detrital tourmaline as a provenance indicator 
mineral by examining the chemical and sedimentological relationships between modern detrital 
tourmalines in the sediments of the Black Hills, South Dakota, USA, and in situ tourmalines 
from southern Black Hills’ tourmaline-bearing metasedimentary rocks, granites, and rare-
element enriched pegmatites.  Results show that detrital tourmaline is chemically effective at 
indicating provenance down to the scale of individual drainage areas within a geographically 
complex region.  The wide range of chemical variation in Black Hills detrital tourmalines 
demonstrates that a single source, consisting of multiple rock types, can produce a tremendous 
amount of chemically diverse detrital tourmalines.  However, the effects of source rock 
lithology, grain size, and hydrodynamic behavior on detrital tourmaline can greatly influence the 
detrital tourmaline signature of a source area.   
Of the three dominant tourmaline-bearing lithologies in the Black Hills, only two, 
granites and metasedimentary rocks, contribute significant amounts of tourmaline detritus to the 
sediment in the basins studied.  Rare-element pegmatites contribute little or no tourmaline 
detritus due to the limited volume of these pegmatites as well as the large size of tourmalines in 
these pegmatites.  The ratio of granitic to metamorphic detrital tourmaline varies with sand size 
fraction (very coarse, coarse, medium, fine, very fine); granitic tourmalines dominate at larger 
fractions and metamorphic tourmalines dominate at smaller fractions.  This trend can be 
 v 
attributed to differences in both tourmaline size and erosive potential between these lithologies.  
This trend is noteworthy for provenance analyses using tourmaline because, as this study 
demonstrates, heavy mineral analyses of small, narrow sand fractions will be biased towards 
smaller, metamorphic tourmalines and can imply incorrect proportions of lithologies in the 
source area.  Without advance knowledge of distance of transport, using a wide size fraction 
range for tourmaline provenance analysis is recommended to obtain the most accurate results.    
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CHAPTER 1: INTRODUCTION 
 
 
 Determining the provenance of clastic sedimentary rocks is often an important 
component of an investigation of any sedimentary sequence or basin.  In many instances, 
particularly in the case of ancient basins, provenance questions must be answered without the 
benefit of an obvious source region due to the dislocation and/or disappearance of source rocks 
through tectonic movements, weathering, and erosion.  According to Pettijohn et al. (1972): “the 
question of provenance is one of the most difficult the sedimentary petrographer is called on to 
solve.”  Fortunately, the lithology of now-vanished source rocks of sedimentary units or modern 
sediments can often be “seen” through the minerals that comprise the extant units.   
 Clastic sediment and sedimentary rock compositions are controlled by a complex system 
of factors (Figure 1.1).  Detritus from the source is rarely uninterrupted, because the path of 
clastic sediment from source rock to sedimentary rock formation is comprised of several stages, 
including tectonic movements, weathering, erosion, transport and deposition.  Sediments are 
affected and modified through these stages by chemical and mechanical weathering, transport, 
hydrodynamic sorting, and diagenesis – all of which are, in turn, affected by a litany of 
contributing factors such as transport distance, time, energy and climate (Johnsson 1993).  Any 
comprehensive provenance study must take these factors into account, and find methods to either 
use or diminish these factors.  Foremost among the factors controlling the composition of clastic 
sediment is the mineralogy and composition of the source terrane(s).  The aim of provenance 
studies is to determine the nature of these source terranes.   
 Traditional provenance determinations have focused on suites of detrital materials 
(usually mineral species and/or rock fragments) that vary with source rock or terrane type.  
Point-counting techniques are used to determine characteristic ratios of framework materials 
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Figure 1.1 – Schematic representation of the system controlling the composition of clastic 
sediments (from Johnsson 1993). 
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such as quartz, feldspar, and lithic fragments that indicate general provenance.  Examples of this 
approach are the ternary diagrams of Dickinson and Suczek (1979), Valloni and Maynard 
(1981), Dickinson (1985), and others that assign provenance to a tectonic environment.  
Unfortunately, even the most careful point-counting techniques cannot insure against 
modification by the complex system of factors affecting sediment compositions.  In practice, 
these framework detritus diagrams work well when applied to large tectonic-scale systems as in 
the original diagrams of Dickinson and Suczek (1979), but can err in small-scale or unique cases 
(Mack 1984).   
Another point-counting approach to provenance determination has been to examine suites 
of less common to rare minerals such as heavy minerals; e.g. rutile, zircon, apatite, magnetite, 
garnet, tourmaline and others (e.g. Fipke 1991, Lihou and Mange-Rajetzky 1996).  These 
minerals provide greater constraints on possible source rocks because of their narrow 
parageneses.  Heavy mineral analysis benefits from the general chemical and mechanical 
stability of the minerals -  although variations in properties exist.  To be most effective, suites of  
minerals with similar hydrodynamic behavior (size, shape and density) should be used (Morton 
and Hallsworth 1994).  Examples of mineral pairs with similar hydrodynamic behavior are rutile 
and zircon, monazite and zircon, and Cr-spinel and zircon (Morton and Hallsworth 1994).  
 The obvious weakness in determining provenance by point-counting alone is the lack of 
geochemical data linking sediment to possible source material.  Other provenance tools have 
been developed that take advantage of the wealth of information derived from geochemical 
analyses.  Among these tools are cathodoluminescence of framework detrital minerals like quartz 
and feldspar (e.g. Owens 1991, Seyedolali et al. 1997), bulk-rock and isotope chemistry (e.g. 
Floyd et al. 1991, Linn et al. 1991, Gotze and Lewis 1994) and detrital mineral chemistry.  
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Cathodoluminescence of detrital minerals is an emerging tool that is excellent for determining 
subtle textural features, and is semi-quantitative.  Bulk-rock chemistry provides a large-scale 
geochemical picture, but ignores mineral assemblage and textural features.   
Provenance determinations based on varietal compositions of detrital minerals is 
advantageous because both geochemical and textural features can be utilized.  Varietal studies 
are most effective for minerals with large degrees of compositional variability that reflects 
narrow formation environments. A number of minerals have been used in provenance studies, 
including amphibole (e.g. Mange-Rajetzky 1981, Mange-Rajetzky and Oberhansli 1982, 
Ganssloser et al. 1996, Schaefer 1997), apatite (e.g. Belousova 2002), biotite (e.g. Yoshihiro 
1997), feldspar (e.g. Pittman 1970, Trevena and Nash 1979, 1981, Maynard 1984), garnet (e.g. 
Morton 1985, 1986), ilmenite (e.g. Basu and Molinaroli 1991, Bhattacharyya et al. 1997), 
pyroxene (e.g. Krawinkel et al. 1999), tourmaline (e.g. Krynine 1946, Henry and Guidotti 1985, 
Henry and Dutrow 1992), and zircon (e.g. Owens 1987, Davis et al. 1994).  
Tourmaline has proven particularly useful as a provenance mineral due to its presence in 
many rock types, chemical responsiveness to environment of formation, complex and variable 
chemical compositions, high resistance to chemical and mechanical weathering, and stability 
through diagenesis and metamorphism.  Tourmaline’s hardness and chemical stability make it 
extremely durable in the sedimentary cycle (Thiel 1941).  As a result, detrital tourmaline has 
traditionally been paired with hydrodynamically similar minerals in heavy mineral analyses.  
Morton and Hallsworth (1994) note the compatibility of tourmaline and apatite as potential 
heavy mineral pairs.  Detrital tourmaline has also been grouped with the other “ultrastable” 
minerals, zircon and rutile, in the ZTR index as an indicator of sediment maturity (Hubert 1962).  
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Provenance studies using detrital tourmaline have also focused on varietal chemistry.  
Studies by Henry and Guidotti (1985) and Henry and Dutrow (1992) demonstrated that detrital 
tourmalines in metasediments effectively record their provenance.  Following the work of these 
authors, recent studies have used detrital tourmaline to aid in provenance studies of sandstones 
(Yu et al. 1997, von Eynatten and Gaupp 1999, Preston et al. 2002, and others).  However, no 
study has yet investigated both the chemistry of, and sedimentological controls on, modern 
detrital tourmalines near their source area.  
The tourmaline-rich rocks and sediment of the Black Hills of South Dakota, USA, 
present an excellent natural laboratory to investigate the geochemistry of and sedimentological 
controls on detrital tourmaline.  The topography of the Black Hills resembles an elongate dome 
which covers an ~80 km long and ~40 km wide area of southwestern South Dakota and 
northeastern Wyoming (Figure 1.2).  The Black Hills are considered the easternmost expression 
of the North American Laramide orogeny and represent the easternmost part of the Rocky 
Mountains (Redden and Lisenbee 1996).  The area has a long and complicated geologic history, 
containing Archean through Cenozoic rocks.   
The Tertiary Laramide mountain building episode is responsible for the uplift of the 
Precambrian terrane and current topography of the Black Hills region.  The crystalline core of 
the uplift, which has been exposed through Tertiary uplift and erosion, is characterized by 
Archean and Proterozoic tourmaline-rich igneous and metasedimentary rocks.  At the center of 
the core is the 1.7 Ga Harney Peak Granite (HPG), which is actually a complex system of 
tourmaline-bearing granitic and pegmatitic dikes and sills (Norton and Redden 1990).  
Associated with the HPG are rare-element enriched pegmatites, many of which are tourmaline-
bearing.  Surrounding the HPG are metasedimentary rocks which have undergone a long history  
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Figure 1.2 – Generalized geologic map of South Dakota showing the location of the Black Hills 
(South Dakota Geological Survey website: www.sdgs.usd.edu/digitalpubmaps/geomap.html). 
 
 
 
 
 
Black Hills 
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of polymetamorphism, concluding with the intrusion of the HPG (Dahl et al. 1999).  These 
metasedimentary rocks, which are primarily metagraywackes, metashales and quartzites, 
commonly have tourmaline as an accessory mineral.  Rare amphibolites, marbles and iron 
formations are also present in the core of the Black Hills.  The crystalline core is proximally 
rimmed by Paleozoic and Mesozoic rocks with outlying Cenozoic units.  
This study examines the relationships between tourmalines found in the southern Black 
Hills’ Precambrian igneous and metamorphic core rocks and modern detrital tourmalines from 
the sediment deposited by streams draining the Black Hills uplift.  Two main objectives are 
sought.  The first is to chemically evaluate the effectiveness of multiple-rock sourced detrital 
tourmaline in evaluating provenance.  The second is the characterization of sedimentological 
factors affecting the erosion and transport of diverse tourmaline varieties.  The general chemical 
and sedimentological properties of detrital tourmaline developed in this study will have 
implications for future investigations using detrital tourmaline as a provenance indicator.   
 
 
 
 
 
 
 
 8
CHAPTER 2: BACKGROUND 
Tourmaline  
Tourmaline is a chemically complex, boron-bearing, rhombohedral cyclosilicate found in 
many rock types.  Due to the complexity of tourmaline’s site occupancy, its formula is best 
written generally as XY3Z6(BO3)3T6O18V3W (Hawthorne and Henry 1999).  The characterization 
of tourmaline’s chemistry and structure has been the subject of numerous studies (e.g. Donnay 
and Buerger 1950, Hawthorne et al. 1993, Grice and Ercit 1993, Henry and Dutrow 1996, and 
many others).  Despite the complexity, useful generalizations about major chemical variation and 
site occupancy in tourmaline can be made.  
Structure and Chemistry 
Tourmaline’s basic structure (Figure 2.1) is characterized by 6-membered tetrahedral (T) 
rings which are predominantly occupied by Si, although some Al substitution is possible 
(MacDonald and Hawthorne 1995) and B substitution has been found in rare instances (Dyar et 
al. 1994, Hughes et al. 2001).  The tetrahedral rings lie in a plane parallel to (0001) with the 
apices of the tetrahedral pointing in the (-c) direction, causing tourmaline to exhibit chemical and 
morphological asymmetry (Barton 1969).  Well-developed tourmaline crystals commonly show 
this asymmetry in the steep, multifaceted pyramidal (+c) antilogous pole and the less steep, 
fewer faced (-c) analogous pole (Henry and Dutrow 1996).  This asymmetry aids in orienting 
tourmaline in both hand sample and thin section and, in many tourmalines, results in pyroelectric 
and piezoelectric properties.  
The X, Y and Z sites are the most chemically variable cationic sites in tourmaline.  The 
large 9-coordinated X site is occupied by the alkali cations (Na+ and minor amounts of K+ ), Ca2+ 
and/or variable amounts of vacancy.  Typically, Na is the dominant X site cation.  The Y 
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Figure 2.1 – The structure of tourmaline viewed (a) down the c-axis showing 6-membered 
tetrahedral ring, (b) down the c-axis, and (c) perpendicular to the c-axis (modified by D.J. Henry 
after Weiner and Glas 1985). 
(a) 
(c) 
(b) 
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and Z sites are both octahedral but differ in size and geometry.  They share edges to form 
brucite-like fragments.  The larger and more regular Y site accommodates a wide range of major 
and minor cations; Li+, Mg2+, Fe2+, Fe3+, Mn2+, Al3+, Ti4+, Ni2+, Cu2+, Co2+ and Zn2+.  Studies 
indicate that there is little or no vacancy in the Y site (e.g. Hawthorne et al. 1993, Taylor et al. 
1995).  The smaller and more distorted Z site is occupied mainly by trivalent cations, Al3+, Fe3+, 
Cr3+, V3+ but can contain Mg2+ and Fe2+.  
B is located in planar triangular BO3 groups that are oriented perpendicular to the c-axis.  
B is assumed to be stoichiometrically constant at 3 atoms per formula unit (apfu) in tourmaline, 
although additional B in the tetrahedral site has been argued (e.g. Tagg et al. 1999).   
There are 31 anions in the tourmaline’s structural formula that are located in 8 distinct 
sites, O(1) through O(8) (Donnay and Buerger, 1950).  The O(2) and O(4)-O(8) are occupied 
exclusively by O2-.  The three O(3) sites, collectively named the V site, are generally dominated 
by OH-, and lesser amounts of O2-.  The single O(1) site, named the W site, is located in the 
center of the tetrahedral rings and can accommodate OH- and O2- and is the only site where F- is 
found (Grice and Ercit 1993, MacDonald and Hawthorne 1995). 
Endmembers and Classification 
The compositional variability of tourmaline leads to a number of realized and potential 
endmembers, and results in systematic procedures for classification.  A general classification 
based on X site occupancy results in alkali, calcic and vacancy groups (Hawthorne and Henry 
1999).  Fourteen tourmaline endmembers have been officially recognized by the International 
Mineralogical Association (IMA) (Table 2.1).  Hawthorne and Henry (1999) have further refined 
tourmaline classification and speculate on hypothetical endmembers.  
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Table 2.1 - Current tourmaline end member species accepted by the International Mineralogical 
Association (IMA).  Entries noted with an (*) are end-members modified from the original 
suggested formulae to produce proper end-members by Hawthorne and Henry (1999).  
 
Species (X) (Y3) (Z6) T6O18 (BO3)3 V3 W 
Elbaite Na Li1.5 Al1.5 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Schorl Na Fe2+3 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Olenite* Na Al3 Al6 Si6O18 (BO3)3 (O)3 (OH)
Chromdravite Na Mg3 Cr6 Si6O18 (BO3)3 (OH)3 (OH)
Buergerite Na Fe3+3 Al6 Si6O18 (BO3)3 (O)3 F 
Povondraite* Na Fe3+3 Fe3+4Mg2 Si6O18 (BO3)3 (OH)3 O 
Vanadiumdravite Na Mg3 V6 Si6O18 (BO3)3 (OH)3 (OH)
Liddicoatite* Ca Li2Al Al6 Si6O18 (BO3)3 (OH)3 F 
Uvite* Ca Mg3 MgAl5 Si6O18 (BO3)3 (OH)3 F 
Hydroxy-feruvite* Ca Fe2+3 MgAl5 Si6O18 (BO3)3 (OH)3 (OH)
Rossmanite ?  LiAl2 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Foitite* ?  Fe2+2Al Al6 Si6O18 (BO3)3 (OH)3 (OH)
Magnesiofoitite ?  Mg2Al Al6 Si6O18 (BO3)3 (OH)3 (OH)
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The wide spectrum of tourmaline species is reflective of multiple solid solution 
possibilities.  Many of the IMA recognized tourmaline species exhibit partial or complete solid 
solution with each other.  Three of the most common alkalic species exist in two solid solution 
series: schorl – dravite and schorl – elbaite.  The schorl – dravite series is continuous between 
YMg2+3 and YFe2+3.  The schorl – elbaite series is continuous between YFe2+3 and YLi1.5Al1.5.  
However, there is rarely any solid solution between dravite and elbaite.  Other species are of 
more restricted paragenesis but have minor solid solution. 
The physical appearance of tourmaline is a function of its chemistry and structure.  While 
all tourmaline varieties share certain characteristics (e.g. hardness of 7 and lack of cleavage), 
they often differ in color, size and morphology.  The differences can be reflective of composition 
and paragenesis.  For example, schorls, common to granites, tend to be black in color, relatively 
large in size, striated, and well-formed in crystal habit.  Elbaites, common to Li-enriched 
pegmatites, are similar in size and shape, but are generally lightly colored blue, green, pink or are 
colorless.  In contrast, dravites, common to metamorphic rocks, are usually pale brown to black, 
display a wide range of sizes, and are anhedral to suhedral.   
Petrogenetic and Provenance Indicator 
Tourmaline is found in many different rock types.  A main control on tourmaline’s 
formation is the availability of B, which exists in trace amounts in the Earth.  The presence of 
tourmaline in many rock types indicates that B is often concentrated by geologic processes.  
Although most commonly found as an accessory mineral in granites (e.g. Neiva 1974, Pieczka 
and Kraczka 1988, and others), granitic to rare-element enriched pegmatites (e.g. Jolliff 1986, 
Federico et al. 1998, Aurisicchio et al. 1999, Dutrow and Henry 2000, and others), and 
metasedimentary rocks over a wide range of metamorphic grades (Henry and Guidotti 1985, 
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Henry and Dutrow 1992, Michailidis and Kassoli-Fournaraki 1994, Dutrow et al. 1999, and 
others), tourmaline is also associated with many other rock types, including metamorphosed 
mafic rocks (Morgan and London 1987), meta-ultramafic rocks (King and Kerrich 1989, Byerly 
and Palmer 1991, Challis et al. 1995, Michailidis et al. 1995), calcareous metasedimentary rocks 
(Povondra and Novak 1986), meta-evaporite rocks (Jiang et al. 1997), metamorphosed 
karstbauxite deposits (Henry and Dutrow 2001), volcanics (Watanabe and Hasegawa 1986) and 
others.  Tourmaline, like many minerals, reflects its chemical environment of formation by its 
crystal chemistry.  Unlike most minerals, however, tourmaline’s chemical complexity permits a 
large number of possible elemental substitutions, which makes it highly sensitive to diverse 
environments of formation, and valuable as both a petrogenetic and provenance indicator.     
One of the earliest attempts to evaluate the provenance potential of detrital tourmaline 
was undertaken by Krynine (1946).  Krynine recognized that tourmaline’s optical properties 
varied systematically with provenance, and he identified five “large-scale” source possibilities:  
granitic terranes, pegmatitic terranes, pegmatized injected metamorphic terranes, sedimentary 
authigenic tourmaline, and reworked tourmaline from older sources.  Krynine was limited to 
optical properties such as color, pleochroism and roundness, however, and could only assume 
chemical composition.  Since the pioneering tourmaline studies of Krynine, microanalytical 
techniques such as the electron microprobe have been developed that allow quantification of the 
subtle chemical variations in individual tourmaline crystals.  
In 1985, Henry and Guidotti published a petrogenetic study of tourmaline that clearly 
showed systematic variations in tourmaline chemistry as a function of rock type. They used two 
ternary diagrams representing common tourmaline cations Al, Fe, Mg, and Ca, to develop the 
Al-Fe(tot)-Mg and Ca-Fe(tot)-Mg “environmental” ternary diagrams that define distinct 
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chemical fields that correspond to certain rock types (Figure 2.2).  From the NW Maine pelitic 
schists they recognized three “styles” of tourmaline: (1) unzoned, (2) continuous zoning from 
core to rim, and (3) discontinuous zoning marked by detrital tourmaline cores and 
authigenic/metamorphic tourmaline overgrowths.  In addition to illustrating the survival of 
detrital tourmaline grains in staurolite-grade metamorphism, the detrital cores were shown to 
have a wide range of chemistry that differed from authigenic/metamorphic tourmaline in the 
samples, indicating a wide range of source rocks for these cores.  This study greatly advanced the 
applicability of tourmaline as a provenance indicator by showing that the chemistry of detrital 
tourmaline is retained and reflects its original source rocks. 
 Many subsequent studies have taken advantage of Henry and Guidotti’s environmental 
diagrams (e.g. Yu et al. 1997, von Eynattan and Gaupp 1999, Preston et al. 2002, and many 
others).  Some, like Henry and Dutrow (1992), have included textural features and additional 
elemental variations to elucidate likely provenance of detrital tourmaline.  Textural features such 
as rounding can possibly hint at transport distance, energy of transport, and/or recycling of 
sediment.  Unfortunately, discerning these factors through estimation of roundness is contingent 
upon unavailable information on initial roundness.  Other useful factors include zoning patterns 
and types of mineral inclusions.  
Henry and Guidotti’s environmental diagrams, although accurately reflecting a number of 
possible source rocks for detrital tourmaline, are based only on four cations (Al, Fe, Mg, and 
Ca).  Accounting for lesser or rare elements, such as Li+, Mn2+, Ti4+, Ni2+, Cr3+, V3+, Cu2+, Co2+, 
Zn2+ and others, can potentially enhance the provenance robustness of tourmaline.  Tourmaline 
regularly incorporates these ions into its structure, and each can be diagnostic of certain 
environments.  Elevated Zn values, for example, are commonly found in schorl - elbaites from 
 15
  
 
 
 
 
Figure 2.2 – Tourmaline environmental diagrams of Henry and Guidotti (1985); (a) Al-Fe(tot)-
Mg diagram with numbered fields corresponding to the following rock types: (1) Li-rich 
granitoid pegmatites and aplites, (2) Li-poor granitoids and associated pegmatites and aplites, (3) 
Fe3+-rich quartz-tourmaline rocks (hydrothermally altered granites), (4) Metapelites coexisting 
with an Al-saturating phase, (5) Metapelites without an Al-saturating phase, (6) Fe3+-rich quartz-
tourmaline rocks, calc-silicate rocks, and metapelites, (7) Low-Ca metaultramafics and Cr, V-
rich metasediments, and (8) Metacarbonates and meta-pyroxenites, (b) Ca-Fe(tot)-Mg diagram 
with the numbered fields corresponding to the following rock types: (1) Li-rich granitoid 
pegmatites and aplites, (2) Li-poor granitoids and associated pegmatites and aplites, (3) Ca-rich 
metapelites and calc-silicate rocks, (4) Ca-poor metapelites and quartz-tourmaline rocks, (5) 
Metacarbonates, and (6) Metaultramafics. 
(a) 
(b) 
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Li-rich pegmatites (Jolliff et al. 1986).  Similarly, meta-ultramafics commonly have high Cr 
values (e.g. Jan et al. 1972, King and Kerrich 1989).   
Geologic Setting of the Black Hills  
The Black Hills lie in the interior of the North American craton, along the southern end 
of the Early Proterozoic Trans-Hudson orogen, between the Archean Wyoming and Superior 
cratons (Klasner and King 1990, Dahl et al. 1999).  The modern north-northwest trending 
elongate dome of the Black Hills was uplifted during the Tertiary Laramide orogeny.  Erosion of 
Paleozoic and Mesozoic sedimentary cover has exposed the Precambrian core of the Black Hills 
– Archean and Proterozoic granites, pegmatites and metasedimentary rocks (DeWitt et al. 1989, 
Redden et al. 1990, Lisenbee and DeWitt 1993, and others) (Figure 2.3).  This uplift was also 
marked by shallow intrusive and extrusive felsic and mafic igneous activity in the northern Black 
Hills (Redden and Lisenbee 1996).  The southern Black Hills, by contrast, contain no Cenozoic 
igneous rocks, and are characterized by the Precambrian igneous and metasedimentary rocks that 
comprise the core of the Black Hills uplift.  
The dominant lithologies of the Precambrian core of the Black Hills are metasediments, 
granites, and granitic to rare element-enriched pegmatites.  The oldest rocks exposed in the uplift 
are Archean granites, metasedimentary rocks and banded-iron formations of the 2.5 Ga Little Elk 
and Bear Mountain terranes (Duke 1996, Gosselin et al. 1988, Redden et al. 1990).  They 
constitute about 1% of the Precambrian rocks in the Black Hills (Redden and Lisenbee 1996) and 
have been interpreted as basement rocks, possibly from the Wyoming craton (Gosselin et al. 
1988).  Lying unconformably on top of the Archean terranes are Proterozoic metasedimentary 
rocks – quartzites, pelitic schists and phyllites, and metagraywackes.  Interlayered with these 
metasedimentary rocks are minor amphibolites, iron-formations and marbles (Redden et al. 
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Figure 2.3 – Time sequence cross-sections of the Black Hills from the conclusion of the Harney 
Peak Granite intrusion to the Laramide uplift and erosion of the Black Hills.  
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1990).  The Proterozoic metasedimentary rocks, of which the metagraywackes are most 
numerous, areally dominate the Black Hills and were deposited in the period between 2.20 Ga 
and 1.88 Ga (Redden et al. 1990).  Like clastic metasediments in other areas, the Black Hills 
pelitic schists and metagraywackes may include detrital and metamorphic tourmaline as a minor 
phase (Shearer et al. 1986, Duke 1995, 1996, Wilke et al. 2002).  The exact tectonic setting for 
deposition of these sediments is uncertain, but, based partially on turbidite characteristics in the 
metagraywackes, Redden et al. (1990) speculate a shallow to deep marine origin for these rocks.  
The long geologic history of the Black Hills metasedimentary rocks includes at least two 
metamorphic events.  The first, M1 metamorphism (~1.765 Ga), reached staurolite and 
sillimanite grade conditions (700°C and 7 kbar; Dahl and Frei 1997, Nabelek 1999) and possibly 
denotes the beginning of the Trans-Hudson orogeny, culminating with the emplacement of the 
Harney Peak Granite (HPG; M2, ~1.715).  The intrusion of the HPG is the last major tectonic 
event to affect the Black Hills prior to the Laramide uplift.  It is marked by a contact 
metamorphic aureole that overprinted the regional isograds of M1 and locally reached upper 
sillimanite grade in the pelitic schists immediately west and south of the main body of the HPG  
(Nabelek et al. 1992) (Figure 2.4).  In this zone, extensive migmatization of the schists indicates 
partial melting at < 4.5 kbar and 670°C to 700°C (Nabelek 1999).  To the north of the HPG, 
maximum prograde metamorphism (M2) reached staurolite grade conditions.  Helms and 
Labotka (1991) estimate M2 metamorphic pressures of 2.0 to 4.4 kbar with temperatures ranging 
from 470°C near the northern garnet isograd to < 660°C in the upper sillimanite zone.  The lower 
pressures of the M2 event indicate that the HPG was emplaced at shallow crustal levels. 
The peraluminous Harney Peak Granite cores the Precambrian terrane of the Black Hills.  
The intrusion of the HPG has been dated at ~1.715 Ga (Riley 1970, Redden et al. 1990).  The 
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Figure 2.4 – Map of study area in southern Black Hills showing locations dominant lithologies 
and positions of metamorphic isograds (modified after Wilke et al. 2002). 
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HPG is a complex system of aplitic to pegmatitic plutons, dikes, and sills surrounded by a field 
of about 24,000 zoned and unzoned pegmatites (Norton and Redden 1990).  The granite and 
unzoned pegmatites are chemically and texturally similar, and composed of quartz, albite 
(clevelandite), alkali feldspar, muscovite, and either biotite or tourmaline.    
Biotite and tourmaline are the two ferromagnesian phases present in the HPG, although 
the two generally do not occur together.  Biotite granites dominate the core whereas tourmaline 
granites dominate the periphery and satellite intrusions of the HPG (Nabelek et al. 1992) (Figure 
2.5).  The biotite granites generally have higher Ti and lower B values than the tourmaline 
granites (Nabelek et al. 1992).  The biotite and tourmaline granites have different oxygen 
(Nabelek et al. 1992) and lead (Krogstad et al. 1993) isotopic signatures.   Based on these 
isotopic differences, two different sources for the HPG are likely with the HPG being at least 
partially derived by anatexis of the Precambrian metasedimentary country rocks of the Black 
Hills.  δ18O values of 13.2 ± 0.8‰ for the tourmaline granites match the average whole rock 
δ18O values for the Black Hills Proterozoic metasedimentary country rocks, indicating a close 
relationship between the two (Nabelek et al. 1992).  The δ18O values (11.5 ± 0.6‰) for the core 
biotite granites, by contrast, point to an immature Archean metasedimentary source (Nabelek et 
al. 1992).  The presence of tourmaline in the periphery granite indicates B enrichment, and is 
consistent with this two-source conclusion.  London (1999) pointed out that peraluminous 
granites derived from the anatexis of B-rich metasedimentary rocks, like the periphery granites 
of the HPG and the Proterozoic metasediments, commonly have tourmaline as an accessory 
mineral.  Similarly, Rockhold et al. (1987) noted the role of high B in the melted source on 
tourmaline formation and overall mineralogy in their analysis of the Calamity Peak satellite 
pluton of the HPG.      
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Figure 2.5 – Tourmaline occurrences in the Harney Peak Granite (HPG) and relative locations of 
rare-element enriched fields (modified after Krogstad et al. 1993). 
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The pegmatite field surrounding the HPG contains both simple zoned and rare-element 
zoned pegmatites that contain tourmaline as a major mineral phase.   The pegmatite field is 
largest to the southwest of the main body of the HPG, with a smaller cluster to the northeast of 
the HPG (Figure 2.5) (Norton and Redden 1990).  While more numerous than the rare-element 
variety, the simple zoned pegmatites contain rare-element deficient mineral assemblages similar 
to the tourmaline-rich periphery of the HPG.  In contrast, the highly fractionated, rare-element 
pegmatites of the HPG commonly contain Li-enriched minerals that have been extensively 
mined.  Examples in the northeast cluster are the spodumene subtype Etta Pegmatite, the 
lepidolite-amblygonite subtype Bob Ingersoll Pegmatite, and the lepidolite subtype Peerless 
Pegmatite.  Jolliff et al. (1986, 1987) have examined tourmalines from the Bob Ingersoll mine 
northeast of the main body of HPG as recorders of pegmatite evolution.   
 Drainage out of the Black Hills is characterized by small ephemeral first-order streams 
that drain into larger permanent creeks like Spring, Battle, and French Creeks (Figure 2.6).  The 
permanent creeks flow west to east and empty into the Cheyenne River (on the eastern margin of 
the Black Hills uplift), which curves around the southern Black Hills as it flows from eastern 
Wyoming through South Dakota.  Several of these creeks drain the southern Precambrian core – 
the main body of the HPG and surrounding metasediments. 
 The Black Hills present an excellent opportunity to investigate the relationships between 
source and detrital tourmaline to determine its utility as a provenance mineral.  The high 
likelihood of detrital tourmaline in the moderns sands eroding from the Black Hills provides an 
opportunity to investigate both the chemical and sedimentological aspects of modern detrital 
tourmaline eroded from multiple rock sources.  In a relatively restricted area, the crystalline 
rocks of the Black Hills contain multiple varieties (e.g. schorls, dravites, and elbaites) and sizes 
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Figure 2.6 – Map of study area showing the location and drainage areas of Spring, Battle, and 
French Creeks (modified after Wilke et al. 2002). 
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of tourmaline that contribute detritus to drainage streams and creeks. The possible tourmaline 
types include: metamorphic tourmaline and/or inherited detrital tourmaline from the 
metasedimentary rocks, tourmalines from the aplitic to pegmatitic “normal” granites, tourmalines 
from pegmatite/wallrock fluid zones, and tourmalines from the rare-element enriched pegmatites.   
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CHAPTER 3: METHODS 
 
 This study investigated detrital tourmaline as a provenance-indicator mineral by 
examining both the tourmaline-bearing rocks and tourmaline-rich modern sediments in the 
southern Black Hills region.  Primary methodology was to optically and chemically compare 
country rock tourmalines to detrital tourmalines in order to establish criteria for correlation.  
Tourmaline was chemically analyzed to insure the best characterization of tourmaline for this 
study.     
Sample Collection 
 To establish a correlation between potential source rock tourmalines and detrital 
tourmalines, the tourmaline-bearing country rocks of the Black Hills southern Precambrian core 
were sampled together with the tourmaline-rich modern sediments from the west-east trending 
creeks (Spring, Battle, and French Creeks) that drain the Black Hills uplift (Figure 3.1).  In 
addition, a sediment sample was also collected from the Cheyenne River, approximately 80 
kilometers from the Black Hills to investigate detrital tourmaline deposited distally from the 
Black Hills.   
 The objective of sampling the crystalline Precambrian core rocks was to collect numerous 
potential tourmaline-rich source rocks that contribute detritus to the basins investigated in this 
study.  In the core of the uplift, three main potential source rocks were identified: the tourmaline-
rich periphery and “normal” pegmatites of the Harney Peak Granite (HPG), the rare-element 
enriched pegmatites of the Harney Peak Granite, and the more abundant metasedimentary rocks 
which surround the HPG.  
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Figure 3.1 – Map of southern Black Hills study area showing tourmaline-bearing sample 
locations (modified after Wilke et al. 2002). 
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 Granitic and pegmatitic samples of the tourmaline-rich periphery of the HPG were 
collected from and near the Calamity Peak satellite pluton in the southwest corner of the HPG 
(BH10a, BH10b, BH16, BH17).  Samples were chosen based partially on the presence of 
macroscopic black tourmaline, with sizes ranging from coarse-grained pegmatitic (>5 cm) to 
(<0.25 cm) fine-grained aplitic.   
 The rare-element enriched pegmatites to the northeast and southwest of the HPG were 
not sampled due to the availability of published chemical data from tourmalines in the Bob 
Ingersoll Pegmatite (Jolliff et al. 1986, Appendix).  In this study, the authors obtained Si, Ti, Al, 
Fe2+, Mg, Mn, Zn, Ca, Na, K, Li and F values from progressive pegmatitic zones, including 
country rock, border zones, and outer to inner walls.  Another tourmaline sample (DVEG) from 
the Li-enriched Etta Pegmatite mine near Keystone was obtained from the Economic Mineral 
Collection of the LSU Department of Geology and Geophysics.   
 Sixteen samples of the metasedimentary rocks immediately surrounding the main body of 
the HPG were collected.  The majority of samples were quartz-biotite metagraywackes.  
Sampling was carried out with respect to the metamorphic aureole superimposed on the 
metasedimentary rocks by the HPG.  Samples were collected from the following zones: garnet 
(BH1, BH2), staurolite (BH3, BH4, BH5, BH6, BH7, BH8), sillimanite (BH9, BH11, BH13, 
BH14, BH15b) and upper sillimanite (BH12, BH18a, BH18b) (Figure 3.1).  In addition, the 
collected samples were supplemented by published tourmaline data from wallrock schists 
surrounding the Etta and Bob Ingersoll pegmatites (Shearer et al. 1986, Appendix.  These were 
included to investigate the effects of tourmalinization of primary metamorphic assemblages by 
enriched fluids derived from the pegmatites. 
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 Modern sediments were sampled from the prominent creeks draining the southern 
Precambrian core of the Black Hills.  As no heavy mineral deposits were evident, sampling 
consisted of scooping immature, unsorted sediment from the channel bottoms of the creeks.  
Sediment from each sample location filled a quart-sized plastic bag.  Collection focused on two 
creeks draining north and south of the HPG (see Figure 3.1).  Spring Creek, to the north of the 
main body of the HPG, is dominantly west-east trending and drains the mid-Black Hills terrain.  
French Creek, to the south of the main body of the HPG, is also west-east trending and drains the 
southern tip of the Black Hills.  Several sediment samples were taken at 4-6 kilometer intervals 
along both creeks from their headwaters to their exit from the Black Hills uplift.  Battle Creek, 
which runs south of Spring Creek on the northern margin of the HPG, was sampled (BHBC1) 
near Keystone due to its proximity to the Etta, Bob Ingersoll and Peerless pegmatites.  In 
addition, to investigate detrital tourmaline distant from the Black Hills, a sample (BHCR1) was 
collected from the Cheyenne River at its confluence with the Belle Fourche River, 80 kilometers 
to the east of the Black Hills uplift (Figure 3.1).   
Sample Preparation      
 A total of twenty-one rock and eight sediment samples were analyzed for this project.  
The rock samples were thin sectioned to a standard 30 micrometers and polished for petrographic 
and electron microprobe analysis.   
Modern sediments were separated into the full Wentworth sand fraction to investigate the 
nature of detrital tourmaline in these size fractions (Figure 3.2).  Each sand sample was sieved to 
the following subfractions: very coarse sand (1000-2000 µm), coarse sand (500-1000 µm), 
medium sand (250-500 µm), fine sand (125-250 µm) and very fine sand (63-125 µm).  For 
sample BHFC4, the fraction below very fine sand (<125 µm) was also separated in order to 
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Figure 3.2 – The Wentworth grain-size scale for sediments (from Boggs 2001). 
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investigate the nature of tourmaline below the sand fraction.  Heavy mineral separation to isolate 
tourmaline was not needed to concentrate tourmaline due to the abundance of detrital tourmaline 
in the sediment.  The sand fractions were impregnated with epoxy, thin sectioned to 30 
micrometers, and polished for use on the electron microprobe.      
Petrographic Analysis 
All rock and sediment samples were viewed in thin section with an optical microscope in 
order to identify tourmalines in both the source rocks and the modern sediments.  Tourmaline 
was optically identified using several criteria, including relief, color, birefringence, habit, and 
pleochroism.  In the metamorphic samples, tourmalines were examined for the presence or 
absence of detrital cores.  Cores were identified by sharp optical discontinuities, commonly with 
asymmetric metamorphic tourmaline overgrowths.  All country rock tourmalines were 
characterized petrographically and analyzed with the electron microprobe.  Because of the great 
number of detrital tourmalines present in the sediment samples, representative examples of 
typical tourmalines were selected for electron microprobe analysis.   
Quantitative Microanalysis 
 Both the source rock and detrital tourmaline samples were quantitatively analyzed by 
wavelength-dispersive spectrometry (WDS) using the automated JEOL 733 electron microprobe 
at Louisiana State University (see Appendix for analytical data).  Multiple analyses were done on 
each tourmaline grain in order to characterize zoning.  All tourmaline analyses were carried out 
at an accelerating voltage of 15 kV and a beam current of 10 nA.  Tourmaline grains were 
analyzed for  Si, Al, Cr, Ti, Fe, Mn, Mg, Zn, Ca, Na, K and F.  Standards for the elements 
include:  Toronto diopside for Si, SMU andalusite for Al, Smithsonian chromite for Cr, 
Smithsonian Kakanui hornblende for Ti, Smithsonian Rockport fayalite for Fe, Toronto 
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rhodonite for Mn, Toronto diopside for Mg, Toronto willemite for Zn, Toronto diopside for Ca, 
Toronto albite for Na, Toronto sanidine for K, and Smithsonian Durango fluorapatite for F.   
Normalization Procedures 
31 or 29 Anion Normalization   
 Converting from wt% oxide values to atomic proportions used in mineral varietal 
determinations is customarily done by normalizing on the basis of the number of oxygens (or 
anions) expected in the idealized mineral formula.  In the case of tourmaline, 31 anion 
normalization (27 O + 4 OH, O, F) is the best-case scenario for samples which have been fully 
analyzed for O, H, and F.  31 anion normalization thus provides the most accurate tourmaline 
formula if complete analyses are available. 
 If H is not analyzed, normalization may be carried out on the basis of 29 anions.  
Normalization in this manner inherently assumes that OH + F = 4 (e.g. Henry and Dutrow 1996, 
Burns et al. 1994).  If OH + F < 4 in the V and W anionic sites, however, the calculation of 
cations will be underestimated (Henry and Dutrow 1996).  Because of the likelihood that OH + F 
< 4, this normalization procedure is not recommended.   
Normalization of Y , Z , and T-site Cations to 15 
 Based on ideal tourmaline stoichiometry, the cations of the Y, Z and tetrahedral (T) sites 
should equal 15.  This normalization procedure assumes that the Y, Z, and T sites are full (i.e. no 
vacancies) and that all cations in these sites have been accounted for through analysis (Henry and 
Dutrow 1996).  Henry and Dutrow (1996) have recommended this normalization scheme for 
tourmalines with little to no Li in the Y site and for which all other important cations have been 
measured.  Tourmalines from metasedimentary rocks best fit the above conditions because they 
typically contain no Li. 
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Si=6 Normalization 
 Si=6 normalization assumes that the tetrahedral site is exclusively filled with the 
stoichiometrically ideal 6 Si.  Normalizing on the basis of 6 Si will provide accurate results as 
long as the measured SiO2 contents are accurate and no substantial amount of Al substitutes for 
Si in the tetrahedral site.  This normalization procedure, like normalizing the Y, Z, and 
tetrahedral site cations to 15, is advantageous for microprobe data because it is not dependent on 
H values.  Care must be taken in utilizing this approach because Al is known to be in significant 
levels in the tetrahedral sites of some tourmaline species (Hawthorne and Henry 1999).  
 The Si=6 normalization scheme was used in this study for all tourmaline analyses.  The 
Si=6 normalization scheme is the best option for granitic and pegmatitic tourmalines where 
significant Li might be present.  Also, the Si=6 and Y+Z+T=15 normalizations for the 
metamorphic tourmaline samples produced similar results in stoichiometry calculation test runs.       
Estimation of Light Elements 
While the electron microprobe is accurate for many major and minor elements, the ability 
to analyze Li, H and B (significant light elements in tourmaline) is beyond its capabilities.  
Consequently, electron microprobe analysis of tourmaline must be supplemented by light 
element data either from another analytical technique, or by assumptions or calculations based on 
tourmaline stoichiometry.  For B, a stoichiometric amount of 3 can generally be assumed based 
on recent work by Hawthorne (1996) and Bloodaxe et al. (1999).  
Li presents a more complicated problem, however, as Li can occur in tourmaline in 
variable amounts in the Y site.  Fortunately, Li can be calculated stoichiometrically based on 
microprobe data if all other cations have been analyzed and a proper cation basis of 
normalization established (i.e. Burns et al. 1994, Dutrow and Henry 2000).  Stoichiometrically, 
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the cations in the Y, Z and tetrahedral sites are assumed to be 15 (3 Y site cations + 6 Z site 
cations + 6 tetrahedral site cations – with no vacancies).  Because the only important cation in 
these sites which can not be detected by the microprobe is Li, Li can be calculated by the 
following equation [Li (apfu) = 15 - (Y site cations + Z site cations + tetrahedral site cations 
(apfu))].   
 Results of previous research by the author (Viator and Henry 2001, Henry et al. 2002) 
show that this method for estimating Li values based on the Si=6 normalization scheme and Li 
calculation equation is reliable for tourmalines with moderate to high Li levels (> 0.75 apfu).   
Low-Li values, however, are more uncertain due to the effect of propagating analytical errors.  
Furthermore, if there is significant amounts of tetrahedral Al, as found in some dravites 
(Hawthorne et al. 1993), the Si=6 normalization assumption will lead to an underestimation of 
Li.  With these results mind, the Si=6 normalization and Li calculation method was used to 
evaluate Li values for analyzed tourmalines in this study.                            
Detrital Tourmaline Abundance Analysis  
From six sample locations (BHFC3, BHFC4, BHSC3a, BHSC5, BHBC1, BHCR1) 
detrital tourmalines were counted petrographically in order to investigate the nature of detrital 
tourmaline in each of the five sand fractions (very coarse, coarse, medium, fine, and very fine).  
In the largest sand fractions (medium to very coarse), metamorphic tourmaline from lithic 
fragments were not counted for the fraction due to their certain disaggregation and entrance into 
the smaller fractions.  Tourmalines in granite fragments were counted in the fraction only if they 
represented a major component of the fragment – enough to remain in the fraction if broken. 
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  CHAPTER 4: RESULTS 
 
Source rock and detrital tourmalines from the Black Hills display a wide range of optical, 
physical and chemical variation.  Three general types of tourmaline, reflective of the three 
dominant lithologies in the Black Hills Precambrian core, are identified: (1) metamorphic, (2) 
“normal” granitic, and (3) rare-element enriched pegmatitic.  In thin section, all tourmalines 
exhibit distinct identifying properties – moderate to high relief, moderate to strong pleochroism, 
and distinctive absorption colors.  These optical properties make tourmaline easily identifiable 
relative to other minerals.  The optical variation among tourmaline species is relatively consistent 
with chemistry and rock type, and as such, can be used for qualitative comparison. 
Tourmaline from Metamorphic Rocks 
The metamorphic rocks in the southern Black Hills vary in appearance and texture.  The 
majority are light to dark gray quartz mica schists (metagraywackes) and aluminous 
phyllites/schists (metashales) with porphyroblasts of garnet and/or staurolite (Table 4.1).  In 
addition to these schists, numerous tourmaline-poor quartzites are located on the eastern margin 
of the Precambrian core.  Only one quartzite sample (BH14) contained tourmaline.   
Tourmalines in the metamorphic rocks usually occur as either small (20 µm - 300 µm), 
euhedral to subhedral accessory grains in the matrix or as larger (≤  2 mm) crystals found in or 
near felsic leucosomes in migmatized zones.   Matrix tourmalines are normally acicular if 
viewed perpendicular to the c-axis, or oval to rounded triangular-shaped if viewed down the c-
axis.  Metamorphic tourmalines exhibit two types of optical and chemical zoning: abrupt 
discontinuous zoning due to detrital cores and metamorphic overgrowths, or gradual to 
nonexistent zoning (Figure 4.1).  In thin section, the absorption colors of metamorphic 
overgrowths and unzoned tourmalines range from light green and olive-green to yellow-green 
 35
 
 
 
 
 
 
Table 4.1 – Description of tourmaline-bearing metamorphic rocks.  Metamorphic zones defined 
by Helms and Labotka (1991).  Mineral abbreviations: qtz = quartz, ms = muscovite, bt = biotite, 
pl = plagioclase, kfs = K-feldspar, tur = tourmaline, ilm = ilmenite, gt = garnet, st = staurolite, 
chl = chlorite, zrn = zircon, and ap = apatite. 
 
 
Sample Rock Type Metamorphic Zone 
 
Mineral Assemblage 
 
BH4 mica schist staurolite Qtz + ms + bt + pl + tur 
BH5 garnet mica schist staurolite Qtz + ms + bt + chl + gt + tur + ilm + ap 
BH8 muscovite schist staurolite Ms + bt + ilm + qtz + tur + ap 
BH11 biotite schist  sillimanite 
Qtz + bt + pl + tur + zrn 
 
BH12 mica schist (migmatized) 
upper sillimanite 
 
Qtz + kfs + pl + sil + bt + ms + tur 
  
BH14 quartzite sillimanite Qtz + ms + bt + tur + sil 
BH15b mica schist sillimanite Qtz + bt + ms + tur + sil 
BH18a mica schist upper sillimanite Qtz + bt + ms + tur + sil + kfs 
BH18b mica schist (migmatized) upper sillimanite 
Kfs + pl + qtz + bt + ms + tur + ilm 
  
Shearer et al.  
(1986) – Etta 
Pegmatite 
mica schist staurolite Qtz + pl + ms + bt + tur 
Shearer et al.  
(1986) – Bob 
Ingersoll Peg. 
mica schist sillimanite Qtz + bt + ms + gt + st + tur + chl 
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and brown-green.  Detrital cores absorption colors are typically pale browns and blacks.  Ti plays 
a large role in the absorption color of all metamorphic tourmalines from the Black Hills, with 
higher Ti levels (0.10 - 0.20 apfu) corresponding to increased yellow to brown coloration.   
As a group, tourmalines from the Black Hills metamorphic rocks have mostly ferroan 
dravite compositions (Figure 4.2, Appendix).  In all metamorphic tourmalines, the X site is 
primarily filled with Na, but significant levels of Ca and/or vacancy can be present (Figure 4.3).  
Plotted on Henry and Guidotti’s Al-Fe(tot)-Mg environmental diagram, all metamorphic 
tourmalines cluster mainly in fields (4) Metapelites coexisting with an Al-saturating phase and 
(5) Metapelites without an Al-saturating phase (Figure 4.4).  On the Ca-Fe(tot)-Mg 
environmental diagram, metamorphic tourmalines plot primarily in field (4) Ca-poor metapelites 
(Figure 4.5).  This chemical range is consistent with the rock types and mineral assemblages of 
the country rocks sampled (Table 4.1).   
Metamorphic tourmalines with detrital cores are typically small (20 µm - 100 µm) and 
few were found in the metamorphic country rocks collected for this study.  The detrital cores 
found (in schist samples BH4, BH5, and BH15b) have a broad range of Mg/(Mg + Fe) ratios 
(0.50 - 0.84), with a few detrital cores from BH5 approaching foitite/magnesiofoitite 
compositions (Figure 4.2a).  In contrast to unzoned metamorphic tourmalines and authigenic 
metamorphic tourmaline overgrowths, the detrital cores plot over a wider range in both the Al-
saturated (4) and Al-unsaturated (5) fields of the Al-Fe(tot)-Mg environmental diagram (Figure 
4.4a) and the Ca-poor (4) field of the Ca-Fe(tot)-Mg diagram (Figure 4.5a).  The general 
chemistry of these detrital cores indicates that the Black Hills metasediments were sourced 
partially by pre-existing metapelites or metagraywackes similar to, but slightly more chemically 
diverse than those currently found in the Black Hills.  In all samples examined, these cores 
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Figure 4.1 – Photomicrographs (plane light) of (a) sample BH15b showing a typical 
metamorphic tourmaline with a detrital core, and (b) sample BH11 showing typical metamorphic 
tourmalines with moderate optical zoning. 
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Figure 4.2 – Classification of metamorphic (a) detrital cores, and (b) inner rims, outer rims and 
unzoned tourmalines (B.I. = Bob Ingersoll).  
(a) 
(b) 
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Figure 4.3 – X-site occupancy diagrams for (a) metamorphic detrital cores and (b) metamorphic 
tourmaline inner rims, outer rims and unzoned tourmalines (B.I. = Bob Ingersoll). 
(a) 
(b) 
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Figure 4.4 – (a) Metamorphic tourmaline detrital cores and (b) metamorphic tourmaline inner 
rims, outer rims, and unzoned tourmalines plotted on Henry and Guidotti’s (1985) Al-Fe(tot)-Mg 
environmental diagrams.  The numbered fields correspond to the following rock types: (1) Li-
rich granitoid pegmatites and aplites, (2) Li-poor granitoids and associated pegmatites and 
aplites, (3) Fe3+-rich quartz-tourmaline rocks (hydrothermally altered granites), (4) Metapelites 
coexisting with an Al-saturating phase, (5) Metapelites without an Al-saturating phase, (6) Fe3+-
rich quartz-tourmaline rocks, calc-silicate rocks, and metapelites, (7) Low-Ca metaultramafics 
and Cr, V-rich metasediments, and (8) Metacarbonates and meta-pyroxenites. 
 
(a) 
(b) 
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Figure 4.5 – (a) Metamorphic tourmaline detrital cores and (b) metamorphic tourmaline inner 
rims, outer rims, and unzoned tourmalines (B.I. = Bob Ingersoll) plotted on Henry and Guidotti’s 
(1985) Ca-Fe(tot)-Mg environmental diagram.  The numbered fields correspond to the following 
rock types: (1) Li-rich granitoid pegmatites and aplites, (2) Li-poor granitoids and associated 
pegmatites and aplites, (3) Ca-rich metapelites and calc-silicate rocks, (4) Ca-poor metapelites 
and quartz-tourmaline rocks, (5) Metacarbonates, and (6) Metaultramafics. 
(a) 
(b) 
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are rimmed by at least two stages of metamorphic overgrowth (Figure 4.6).  These metamorphic 
overgrowths are internally optically and chemically homogeneous and plot separately on the Al-
Fe(tot)-Mg environmental diagram, indicating that these overgrowths represent either two 
distinct pulses of one evolving metamorphic event or two distinct events (Figure 4.7).  As 
indicated by Figure 4.7, these metamorphic overgrowths formed in changing mineralogical 
environments: the inner rims in or near Al-undersaturated conditions and the outer rims wholly 
in Al-saturated conditions.   
The unzoned-to-continuously zoned metamorphic tourmalines in the Black Hills vary 
both optically and chemically.  Usually, zoning in these tourmalines was too weak to be 
observed in backscattered electron images.  These tourmalines have narrower Mg/(Mg + Fe) 
ratios (0.50 - 0.64) than the detrital cores (Figure 4.2b).  Tourmalines from sample BH11, a 
typical gray quartz-biotite schist, lack detrital cores but exhibit optical and chemical zoning 
similar to the metamorphic inner and outer rims described above.  In addition to Al, Fe and Mg 
variation, the yellow-brown inner zones of tourmalines in BH11 are enriched in Ti (~ 0.18 apfu) 
compared to the green outer rim (Figure 4.1b).  Tourmalines from BH14 and BH18a are 
homogeneous and chemically similar to the metamorphic outer rim compositions on detrital 
cores, suggesting they crystallized during the same metamorphic event.  In short, the majority of 
metamorphic tourmalines appear to have formed either wholly or partially (outer rims) during 
the same metamorphic event. 
In the upper sillimanite zone, schists surrounding the Harney Peak Granite underwent 
migmatization during the emplacement of the Harney Peak Granite.  This migmatization was 
likely the result of elevated temperatures and intrusive fluids derived from the Harney Peak 
Granite.  Two schist samples (BH12 and BH18b) from this zone show effects of this 
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Figure 4.6 – Backscattered electron image of a tourmaline with a detrital core and two 
metamorphic overgrowth zones from sample BH15b.  Note the asymmetric overgrowth of the 
inner rim.   
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Figure 4.7 – Inner and outer metamorphic overgrowth rims for samples BH4, BH5 and BH15b 
plotted on Henry and Guidotti’s (1985) Al-Fe(tot)-Mg environmental diagram.  The numbered 
fields correspond to the following rock types: (1) Li-rich granitoid pegmatites and aplites, (2) Li-
poor granitoids and associated pegmatites and aplites, (3) Fe3+-rich quartz-tourmaline rocks 
(hydrothermally altered granites), (4) Metapelites coexisting with an Al-saturating phase, (5) 
Metapelites without an Al-saturating phase, (6) Fe3+-rich quartz-tourmaline rocks, calc-silicate 
rocks, and metapelites, (7) Low-Ca metaultramafics and Cr, V-rich metasediments, and (8) 
Metacarbonates and meta-pyroxenites. 
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migmatization by the presence of felsic leucosomes and veins.  Tourmalines from samples BH12 
and BH18b show similar Al-Fe(tot)-Mg ratios (Figure 4.8).  Schist samples BH12 and BH18b 
contain dravitic tourmalines (Mg/[Mg + Fe] = 0.52 - 0.53) that are richer in Al (6.70 - 6.85 apfu) 
than most other metamorphic tourmalines from the Black Hills (Appendix).  These tourmalines 
have the same Al-Fe(tot)-Mg ratios as the dark green colored outer zone of granitic tourmalines 
from sample BH17, suggesting tourmalines from BH12, BH18b, and the rims of tourmalines 
from BH17 formed during the same pulse of fluid from the Harney Peak Granite.   
The supplemental data of Shearer et al. (1986) provide schist country rock tourmaline 
data that are associated with enriched pegmatitic halos (Appendix).  These tourmalines, from the 
schists surrounding the Bob Ingersoll and Etta pegmatites, are slightly enriched in Na and Fe as 
compared to other metamorphic tourmalines (Figure 4.2b).  The tourmalines closest to the Bob 
Ingersoll pegmatite were affected the most by fluids derived from the pegmatite.  These 
tourmalines are schorlitic, although less enriched in Al than granitic schorls in the area.  Zn 
values were not available from this data set. 
Tourmaline from Granites 
The Harney Peak Granite is a complex system of intrusions into the surrounding 
metasedimentary country rocks.  The granites show a wide range of grain sizes– from pegmatitic 
to granitic to aplitic – which are often gradational in outcrop.  The mineralogy of the granite is 
consistent across all rock types: quartz + alkali feldspar + plagioclase ± muscovite ± biotite ± 
tourmaline (Table 4.2).  Tourmaline is the dominant ferromagnesian mineral in the satellite 
plutons and periphery of the main body of the Harney Peak Granite.  In the core of the Harney 
Peak Granite, however, biotite is the dominant ferromagnesian mineral and tourmaline is either 
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Figure 4.8 – Tourmalines from rocks within the upper sillimanite zone plotted on Henry and 
Guidotti’s (1985) Al-Fe(tot)-Mg environmental diagram.  The numbered fields correspond to the 
following rock types: (1) Li-rich granitoid pegmatites and aplites, (2) Li-poor granitoids and 
associated pegmatites and aplites, (3) Fe3+-rich quartz-tourmaline rocks (hydrothermally altered 
granites), (4) Metapelites coexisting with an Al-saturating phase, (5) Metapelites without an Al-
saturating phase, (6) Fe3+-rich quartz-tourmaline rocks, calc-silicate rocks, and metapelites, (7) 
Low-Ca metaultramafics and Cr, V-rich metasediments, and (8) Metacarbonates and meta-
pyroxenites. 
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Table 4.2 – Description of tourmaline-bearing granites and pegmatites.  Mineral abbreviations: 
qtz = quartz, ms = muscovite, pl = plagioclase, kfs = K-feldspar, tur = tourmaline, gt = garnet, 
amb = amblygonite, zrn = zircon, and lpd = lepidolite. 
 
 
Sample Rock Type 
 
Mineral Assemblage 
 
BH10b granite Qtz + pl + kfs + tur + ms + zrn 
BH17 granite Kfs + qtz + tur + gt  
DVEG - Etta Pegmatite enriched pegmatite Qtz + kfs + pl + tur + ms + zrn 
Jolliff et al. (1986) - Bob 
Ingersoll Pegmatite enriched pegmatite Qtz + pl + ms + amb + lpd + tur 
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rare or absent.  Macroscopically, tourmalines occur as black crystals, often in radiating sprays or 
penetrating masses. 
Granitic tourmalines are normally euhedral, highly fractured along planes perpendicular 
to the c-axis, and larger than metamorphic tourmalines.  Although granitic tourmalines are 
generally large, they display a wide range of sizes depending on the texture of the granite – from 
aplitic (< 2 mm) to pegmatitic (> 5 cm).  Generally, granitic tourmalines are concentrically-
zoned with sharp interfaces between bluish interior zones and green/yellow rim zones.  This 
zoning is associated with slight major cation variation (Mg increases slightly, Fe decreases 
slightly), but, like metamorphic tourmalines, correlates most strongly with varying Ti (Figure 
4.9).  As Ti levels increase, these granitic tourmalines become yellow or brown.  Ti levels range 
from 0.01 – 0.03 apfu for light and dark blue zones to 0.03 – 0.07 apfu for blue-green and 
yellow-green zones.   
Granitic tourmalines show considerable variation in Mg/(Mg + Fe) ratios and X site 
occupancy (Appendix).  Tourmalines from BH10b, a large pegmatitic sample, are schorls and 
foitites (Figure 4.10).  Mg/(Mg+Fe) ratios for these tourmalines range from 0.10 to 0.25.  On the 
Al-Fe(tot)-Mg environmental diagram, BH10b tourmalines plot in field (2) Li-poor granitoids 
and associated pegmatites and aplites (Figure 4.11).   
Tourmalines from granite sample BH17 exhibit more heterogeneity than BH10b 
(Appendix).  The dark blue cores are schorlitic in composition (Mg/(Mg + Fe) = 0.32 – 0.40), but 
the green to green-brown outer rims have dravitic compositions (Mg/(Mg + Fe) = 0.53 – 0.55) 
(Figure 4.10 and Figure 4.12).  This is clearly seen on the Al-Fe(tot)-Mg and Ca-Fe(tot)-Mg 
environmental diagrams as the schorlitic and dravitic zones of BH17 tourmalines plot in the Li- 
poor granitoid and metapelitic fields, respectively (Figures 4.11 and 4.13).  The green-brown  
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Figure 4.9 – (a) Photomicrograph (plane light) of granitic tourmaline sample BH10b with 
traverse from center of tourmaline to rim, (b) compositional zoning along traverse (Appendix).   
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Figure 4.10 – Classification of granitic tourmalines. 
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Figure 4.11 – Granitic and pegmatitic (B.I. = Bob Ingersoll Pegmatite) tourmalines plotted on 
Henry and Guidotti’s (1985) Al-Fe(tot)-Mg environmental diagram.  The numbered fields 
correspond to the following rock types: (1) Li-rich granitoid pegmatites and aplites, (2) Li-poor 
granitoids and associated pegmatites and aplites, (3) Fe3+-rich quartz-tourmaline rocks 
(hydrothermally altered granites), (4) Metapelites coexisting with an Al-saturating phase, (5) 
Metapelites without an Al-saturating phase, (6) Fe3+-rich quartz-tourmaline rocks, calc-silicate 
poor granitoid rocks, and metapelites, (7) Low-Ca metaultramafics and Cr, V-rich 
metasediments, and (8) Metacarbonates and meta-pyroxenites. 
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Figure 4.12 – Photomicrograph (plane light) of granitic tourmaline sample BH17 showing 
optical zoning between schorlitic core and dravitic rim. 
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dravitic rims are colored similarly to metapelitic tourmalines, but are larger.  They also have 
slightly higher Ca levels (~0.06 apfu) similar to the tourmalines from the Black Hills metapelites 
(Figure 4.14).   
Tourmaline from Rare-element Enriched Pegmatites 
Tourmaline data for rare-element pegmatites was available from two sources:  literature 
data for the Bob Ingersoll Pegmatite as well as new data from an Etta Pegmatite sample obtained 
from the Economic Mineral Collection at Louisiana State University (Table 4.2, Appendix).  The 
Etta sample (DVEG), which is a spodumene subtype rare-element pegmatite near Keystone, was 
the only pegmatite sample available for petrographic work.  These tourmalines are strongly 
zoned from core to rim (Figure 4.15).  The internal tourmaline zones, consisting of schorlitic 
yellow brown and light blue zones, are rimmed by a narrow schorlitic-elbaitic colorless zone 
(Figures 4.10 and 4.16).  Accordingly, the Li-rich rims plot in the Li-rich granitoid field while 
the internal schorlitic zones plot in the Li-poor granitic field on the Al-Fe(tot)-Mg environmental 
diagram (Figure 4.11).  In addition, the increased Li content (up to 0.5 apfu) of the rims 
coincides with a strong decrease in Fe, Ti and Ca, a minor decrease in Mg, and a slight increase 
in Zn (up to 0.04 apfu).  This dramatic chemical zoning is indicative of highly fractionated 
pegmatites.  Based on both the absence of spodumene in this sample and the Li enrichment in the 
rims of the tourmalines, this sample was likely collected from the margin of the Etta Pegmatite 
and interacted with late, Li-rich pegmatitic fluids.        
Tourmalines from Jolliff et al.’s (1986) data set from the Bob Ingersoll pegmatite (a 
lepidolite-amblygonite subtype) have mostly schorlitic to elbaitic compositions (Figure 4.16) and 
plot in the Li-rich fields of the Al-Fe(tot)-Mg environmental diagram (Figure 4.11).  These 
tourmalines lie along a traverse through the country rocks, border zone, wall zone, internal zone, 
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Figure 4.13 – Granitic and pegmatitic (B.I. = Bob Ingersoll Pegmatite) tourmalines plotted on 
Henry and Guidotti’s (1985) Ca-Fe(tot)-Mg environmental diagram.  The numbered fields 
correspond to the following rock types: (1) Li-rich granitoid pegmatites and aplites, (2) Li-poor 
granitoids and associated pegmatites and aplites, (3) Ca-rich metapelites and calc-silicate rocks, 
(4) Ca-poor metapelites and quartz-tourmaline rocks, (5) Metacarbonates, and (6) 
Metaultramafics. 
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Figure 4.14 – Granitic and pegmatitic (B.I. = Bob Ingersoll) tourmalines plotted on X-site 
occupancy diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 56
 
 
 
 
 
 
 
 
 
Figure 4.15 – Photomicrograph of a zoned tourmaline from sample DVEG from the Etta 
Pegmatite.  
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Figure 4.16 – Classification of pegmatitic tourmalines (B.I. = Bob Ingersoll Pegmatite). 
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and core of the pegmatite.  Increased Li levels are present in all tourmalines along the traverse, 
with the highest levels (up to 1.16 apfu) in the core of the pegmatite.  Associated with increased 
Li levels are increased levels of Zn (≤ 0.2 apfu) that fluctuate with pegmatite zone but show a 
general increase towards the core.   
Ti – Zn Discrimination Diagram 
 In addition to the identification of source rock type by major cation (Al, Fe, Mg, Ca and 
Na) variation, Ti and Zn can also indicate provenance.  In the country rocks of the Black Hills, 
Ti and Zn generally exhibit a mutually exclusive relationship.  Metamorphic tourmalines contain 
high Ti and low Zn levels while granitic and pegmatitic tourmalines contain low Ti and low to 
high Zn levels (Figure 4.17).  Because Ti and Zn are not major cations in tourmaline, their levels 
are generally low and may be subject to considerable analytical error.  However, Ti and Zn 
systematics appear to reliably distinguish between metamorphic and granitic/pegmatitic 
tourmaline in the Black Hills region. 
Sediment Analysis 
The modern sands of the Black Hills are highly immature and unsorted.  They are freshly 
eroded from their source rocks and are mostly angular to subangular.  A few detrital constituents, 
such as tourmaline, appear rounded but are actually fractured euhedral to subhedral crystals.  The 
types of detrital minerals in the sands are wide-ranging.  Quartz, garnet, biotite, muscovite, 
feldspar, tourmaline, hornblende, opaques, and lithic fragments are the most common detrital 
constituents, but rarer organic fragments, sillimanite and apatite are also present.  Quartz 
dominates all sand fractions ranging from 60% to 80%.   In the coarsest sand fractions (medium 
to very coarse), lithic fragments are a major detrital constituent.  These lithic fragments are 
generally fragments of schist or granite that contain tourmaline.  Tourmaline concentrations vary 
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Figure 4.17 –Zn versus Ti for all source rocks. 
 
 
 
 
 
 
 
 
 
 60
with sand fraction.  Tourmaline frequency, as related by the number of tourmaline detrital grains 
per thin section, is as follows: 0-2 grains in the very coarse sand fraction, 5-10 grains in the 
coarse sand fraction, 10-20 grains in the medium sand fraction, 20-30 grains in the fine sand 
fraction, and 40-60 grains in the very fine sand fraction.  
Approximately 100 detrital tourmaline grains from the full sand fraction were chemically 
analyzed by the electron microprobe (Appendix).  The analyzed grains are representative of the 
types of detrital tourmalines found in the sediments of the Black Hills.  Among the detrital 
tourmalines analyzed in the streams of the Black Hills, only grains interpreted as metamorphic or 
granitic were found.  Despite the presence of numerous rare-element enriched pegmatites in the 
drainage area, no detrital tourmaline grains of this type were recognized.  Special effort was 
taken to insure that no enriched pegmatitic tourmalines were missed, including potentially 
difficult-to-find colorless grains like the rims of DVEG.   
Granitic and metamorphic tourmalines are identified by petrographic criteria – color, 
pleochroism, and habit (Figure 4.18).  Both types are found throughout all size ranges of the sand 
fraction.  However, detrital metamorphic tourmalines are more common throughout the sands in 
the Black Hills.  Both types are normally euhedral to subhedral and display little-to-no rounding 
relative to likely source rock tourmalines.  Detrital granitic tourmalines are either relatively small 
euhedral grains or larger, fragments of large crystals.  Detrital metamorphic tourmalines display 
the same euhedral or subhedral habit as the schist tourmalines.  Larger metamorphic tourmalines 
are also present as unfractured crystals in the larger sand fractions (medium to very coarse 
sands), and are either fractured or absent in smaller fractions.  
The chemical signatures of Black Hills detrital tourmalines are generally consistent with 
the chemistry of the in situ source rock tourmalines.  The majority of detrital tourmalines 
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Figure 4.18 – Photomicrographs (plane light) of sediment samples (a) BHCR1 (very fine sand), 
and (b) BHSC3a (medium sand) showing detrital tourmalines. 
detrital 
metamorphic  
tourmaline 
detrital 
granitic 
tourmaline
(a) 
(b) 
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plot within fields defined by the country rock samples on provenance diagrams.  Detrital 
tourmalines are mostly dravitic and schorlitic – with a few foitite and near-magnesiofoitite 
compositions (Figure 4.19).  Furthermore, detrital tourmalines from the primary creeks sampled, 
Spring and French Creeks, display slightly contrasting provenance.  This variation may reflect 
normal bulk composition variability in the metasedimentary rocks of the Black Hills.    
Detrital tourmalines from Spring Creek, to the north of the Harney Peak Granite, 
generally have higher Na levels and lower Al and Ca levels than French Creek detrital 
tourmalines (Figures 4.19, 4.20, 4.21, and 4.22).  As seen on the Al-Fe(tot)-Mg environmental 
diagram (Figure 4.20), Spring Creek tourmalines are partly sourced by metamorphic rocks 
slightly more magnesian and lacking an Al-saturating phase.  These northern metamorphic 
source rocks are also more alkalic than those drained by French Creek (which are more calcic) 
(Figures 4.21 and 4.22).  These northern country rocks are somewhat different than the 
metamorphic rocks collected for this study and, therefore, the detrital tourmalines from Spring 
Creek deviate slightly from defined source rock fields on all provenance diagrams.  This might 
be due to the higher ratio of metashales to metagraywackes in the Spring Creek drainage area.  
Also, in contrast to the region south of the Harney Peak Granite, the composition of 
metasedimentary units in the Spring Creek drainage basin may be affected by local marbles, 
metagabbros, metabasalts, and iron-formations.    
Some detrital tourmalines from French Creek, south of the Harney Peak Granite, also fall 
outside of defined source rock fields.  These dravites approach magnesiofoitite compositions 
(Figure 4.19) and contain higher Ca levels than Spring Creek sourced rocks (Figures 4.21 and 
4.22).  The dominant metamorphic lithologies in the French Creek drainage basin include 
metagraywackes and quartzites, with lesser metashales and iron-formations.     
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Figure 4.19 – Classification of detrital tourmalines.  Outlined areas define potential source rock 
compositions defined previously. 
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Figure 4.20 – Detrital tourmalines plotted on Henry and Guidotti’s (1985) Al-Fe(tot)-Mg 
environmental diagram.  Outlined areas define potential source rock compositions defined 
previously.  The numbered fields correspond to the following rock types: (1) Li-rich granitoid 
pegmatites and aplites, (2) Li-poor granitoids and associated pegmatites and aplites, (3) Fe3+-rich 
quartz-tourmaline rocks (hydrothermally altered granites), (4) Metapelites coexisting with an Al-
saturating phase, (5) Metapelites without an Al-saturating phase, (6) Fe3+-rich quartz-tourmaline 
rocks, calc-silicate rocks, and metapelites, (7) Low-Ca metaultramafics and Cr, V-rich 
metasediments, and (8) Metacarbonates and meta-pyroxenites. 
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Figure 4.21 – Detrital tourmalines plotted on Henry and Guidotti’s (1985) Ca-Fe(tot)-Mg 
environmental diagram.  Outlined areas define potential source rock compositions defined 
previously.  The numbered fields correspond to the following rock types: (1) Li-rich granitoid 
pegmatites and aplites, (2) Li-poor granitoids and associated pegmatites and aplites, (3) Ca-rich 
metapelites and calc-silicate rocks, (4) Ca-poor metapelites and quartz-tourmaline rocks, (5) 
Metacarbonates, and (6) Metaultramafics. 
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Figure 4.22 – Detrital tourmalines plotted on X-site occupancy diagram.  Outlined areas define 
potential source rock compositions defined previously. 
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The majority of detrital schorl grains from Spring Creek plot within fields defined by the 
granites (Figures 4.19, 4.20, 4.21, and 4.22).  However, some detrital schorls from Spring Creek 
exhibit higher Mg/(Mg + Fe) ratios than tourmalines from granites analyzed and plot outside of 
fields defined by source tourmalines.  A few detrital schorls from French Creek also plot 
similarly to the above Spring Creek schorls.  In addition, some French Creek detrital tourmalines 
are foitites that are richer in Mg, and that have no currently identified country rock sources 
(Figure 4.19). 
There are numerous source rock tourmalines that do not have detrital equivalents.  These 
are primarily metamorphic tourmalines with detrital cores and tourmalines from pegmatite/schist 
interaction zones (i.e. tourmalines from Shearer et al. 1986).  Because the smallest sand fraction 
analyzed (very fine sand: 63 µm – 125 µm) is larger than the usual size of metamorphic 
tourmaline with detrital cores, very few detrital grains with cores were found in the sediments.  
This is best seen on the Al-Fe(tot)-Mg environmental diagram (Figure 4.20) as no detrital 
tourmalines plot in fields defined by detrital cores. 
The Ti - Zn discrimination diagram for detrital tourmalines effectively indicates likely 
metamorphic versus granitic/pegmatitic sources (Figure 4.23).  In this diagram, the division of 
metamorphic to granitic detrital tourmaline grains is consistent with the other discriminant 
diagrams.   
Detrital Tourmaline by Sand Fraction 
Although detrital tourmaline is chemically accurate in predicting the type of source rock, 
estimation of the proportions of lithologies in these sources could be problematic.  The 
metamorphic and granitic detrital tourmalines counted from the six sample locations do not show 
a constant ratio of schist to granitic source rocks in each of the five sand fractions (very coarse, 
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Figure 4.23 –Zn versus Ti for detrital tourmalines.  Outlined areas define potential source rock 
compositions defined previously. 
 
 
 
 
 
 69
coarse, medium, fine, and very fine).  The relative concentrations of metamorphic versus granitic 
detrital tourmaline vary dramatically with grain fraction -- very fine sands (156 metamorphic to 4 
granitic), fine sands (50 to 30), medium sands (23 to 39), and coarse sands (23 to 4) (Figure 
4.24).  The very coarse sand fraction is relatively devoid of individual tourmalines (only four 
were found in all samples).  Not surprisingly, metamorphic and granitic tourmalines dominate at 
opposite ends of the sand fraction.  Overall, the nature of detrital tourmaline in the Black Hills 
follows a general trend of increasing metamorphic (and decreasing granitic) components at small 
fractions and increasing granitic (and decreasing metamorphic) components at large fractions.   
Tourmalines in sample BHCR1 from the Cheyenne River, located approximately 80 
kilometers from the Black Hills uplift, show the same general trend of tourmaline type by sand 
fraction as the first and second-order creek sands.  This sample is dominated by tourmalines at 
the very fine sand and fine sand fractions (Figure 4.25).  Only two tourmalines, both granitic, 
were observed above the fine sand fraction.  In the very fine sand fraction, sixteen metamorphic 
tourmalines were counted versus no granitic tourmalines.  In the fine sand fraction, five 
metamorphic versus four granitic tourmalines were counted. 
The nature of detrital tourmalines, and the effects of size fraction selection, from mixed 
granitic and metasedimentary sources like the Black Hills can be further demonstrated by the 
Cheyenne River sample.  The majority of tourmalines at this location are found in the fine and 
very fine sand fractions.  A provenance analysis of tourmaline in the very fine sand fraction at 
this location results in a bias towards metamorphic tourmalines.  In order to obtain a more 
accurate ratio, the fine sand fraction and above must be included.  Clearly, a provenance analysis 
covering a wider size fraction is beneficial at this farther distance from the source.  At longer 
distances, a greater percentage of tourmaline is likely to occur at smaller size fractions (very fine 
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Figure 4.24 – Detrital grains counted per sand fraction 
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Figure 4.25 – Detrital tourmalines from Cheyenne River plotted on Henry and Guidotti’s (1985) 
Al-Fe(tot)-Mg environmental diagram.  Outlined areas define potential source rock compositions 
defined previously.  The numbered fields correspond to the following rock types: (1) Li-rich 
granitoid pegmatites and aplites, (2) Li-poor granitoids and associated pegmatites and aplites, (3) 
Fe3+-rich quartz-tourmaline rocks (hydrothermally altered granites), (4) Metapelites coexisting 
with an Al-saturating phase, (5) Metapelites without an Al-saturating phase, (6) Fe3+-rich quartz-
tourmaline rocks, calc-silicate rocks, and metapelites, (7) Low-Ca metaultramafics and Cr, V-
rich metasediments, and (8) Metacarbonates and meta-pyroxenites. 
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sand and below) as tourmaline grains abrade to smaller sizes.  Thus, provenance analyses using 
small, narrow fractions are likely to be accurate only at long distances (hundreds of kilometers) 
from the source.  Without advance knowledge of distance of transport, a wide size fraction 
approach appears better suited to provenance studies using tourmaline, particularly if the 
proportions of the contributing lithologies are a consideration in the provenance study.    
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CHAPTER 5: CONCLUSIONS 
 
 
The relationships between tourmalines from the southern Black Hills’ Precambrian core 
rocks and modern detrital tourmalines from the sediment draining the Black Hills uplift indicate 
that tourmalines from a variety of rock types are highly sensitive to formation environments and 
that detrital tourmalines from these rocks are effective provenance indicators.  However, for 
detrital tourmaline to become a fully reliable provenance indicator mineral, the sedimentological 
aspects of detrital tourmaline must be understood.  Foremost among these aspects are the 
influence of source rock lithology, size bias, and hydrodynamic behavior on the erosion, 
transport and deposition of various tourmaline types. 
 In the Black Hills, the chemistry of modern detrital tourmaline is an excellent indicator of 
the rock type from which it came.  The chemical signatures of detrital tourmalines in the 
southern Black Hills reflect the chemistry of in situ tourmalines from the dominant tourmaline-
bearing lithologies of the Black Hills Precambrian core.  The Al-Fe(tot)-Mg and Ca-Fe(tot)-Mg 
environmental diagrams developed by Henry and Guidotti (1985) as well as several other 
discriminant diagrams can be used to characterize tourmaline chemistry for provenance.  These 
include classification diagrams that focus on variations in X site occupancy versus major cation 
levels (Mg/Fe/Li ratios) (Figures 4.19, 4.20, 4.21, and 4.22).  Also, ratios of minor cations, such 
as the Ti – Zn discrimination diagram (Figure 4.23), can be used to further illustrate general 
provenance for metamorphic, granitic, and rare-element enriched pegmatitic tourmalines.  
 Although the majority of tourmaline-bearing country rock lithologies in the Black Hills 
southern Precambrian core were collected and analyzed for this study, several detrital 
tourmalines indicate that additional, unsampled tourmaline-bearing varieties of metasedimentary 
rocks are present in the drainage area.  In French Creek, to the south of the Harney Peak Granite, 
 74
several detrital tourmalines are richer in Ca and poorer in Na than any sampled country rock 
tourmalines.  In Spring Creek, to the north, detrital tourmalines are richer in Na and Mg, but 
poorer in Al than any sampled country rock tourmalines.  It is likely that the unsampled country 
rocks represent local variation in bulk compositions and mineral assemblages in the lithologic 
units.  Significantly, the variation between French Creek and Spring Creek detrital tourmalines 
shows that tourmaline is effective at indicating provenance even at the scale of individual 
drainage areas within a complex region.  Overall, the wide range of chemical variation in Black 
Hills detrital tourmalines indicates that a single source, consisting of multiple rock types like the 
Black Hills, can produce a tremendous amount of chemically diverse detrital tourmalines. 
Although detrital tourmaline chemically indicates the type of source rock contributing 
detritus to the sediment, chemistry alone does not clearly indicate the relative volumetric 
abundances of these source rock types.  In the Black Hills, the vast majority of detrital 
tourmalines in the first and second order streams are schorls and dravites, consistent with the 
Harney Peak Granite and surrounding metagraywackes and pelitic schists, respectively.  These 
rocks are two of the main tourmaline-bearing lithologies in the southern Black Hills, and their 
tourmaline detritus retains its distinctive chemistry from both these sources.  However, rare-
element enriched pegmatites, which are the third most common tourmaline-bearing lithology in 
the Black Hills, contribute little or no detrital tourmaline to Black Hills sediment.  This is likely 
due to at least two possibilities:  First, rare-element enriched pegmatites represent only a small 
volumetric fraction of the tourmaline-bearing units in the area.  Norton and Redden (1990) 
estimate that these pegmatites are typically only 10 to 100 meters in size and represent only 2% 
of the total pegmatites associated with the Harney Peak Granite.  In addition, not all of these 
pegmatites are likely to include tourmaline as a significant mineral phase.  Li-enriched 
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pegmatites, like the Etta, Peerless, and Bob Ingersoll pegmatites are classified primarily by the 
Li-phase preferentially crystallized.  The Etta Pegmatite is a spodumene subtype and the Peerless 
and Bob Ingersoll pegmatites are lepidolite-amblygonite subtypes.  In these pegmatites, the 
modal amount of tourmaline is low relative to the amount of these other Li-bearing minerals.  
Second, the relatively large grain sizes of pegmatitic tourmalines make it unlikely that these 
tourmalines would be transported easily from outcrop.    
Metamorphic and granitic tourmalines occur in similar modal amounts in the 
metasedimentary rocks and granites of the Black Hills.  However, metasedimentary rocks areally 
dominate tourmaline-bearing granites in the drainage areas of Spring and French Creeks.  This 
apparent advantage is somewhat countered by the generally higher relief of the Harney Peak 
Granite, which offers greater potential outcrop erosion (although these areas were not quantified 
for this study).  Consequently, the main controls on detrital tourmaline abundances in the Black 
Hills are the relative friability of the tourmaline-bearing rocks and the physical characteristics of 
the tourmalines themselves. 
Although tourmalines from metamorphic rocks and granites are found in similar modal 
amounts in these rocks, they differ in size, shape, and erosive potential.  These characteristics are 
primarily controlled by the rocks in which they form.  Metamorphic tourmalines are more 
numerous, small, euhedral to subhedral and are easily eroded from friable Black Hills schists.  
Tourmalines from granites, on the other hand, are typically less numerous, larger, and less likely 
to erode from the more resistant granites.  As detritus, these two tourmaline types are unlikely to 
behave hydrodynamically similar.  Large granitic schorls will not be stream transported as easily 
as smaller metamorphic dravites.  The larger tourmalines are likely to remain closer to their 
source and undergo fracturing and abrasion until they are suitable for transport.    
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Although metamorphic tourmalines greatly outnumber granitic tourmalines in the entire 
sand fraction, abundances of these two types varies greatly in smaller fractions (very coarse, 
coarse, medium, fine, and very fine sands).  Metamorphic tourmalines dominate at smaller 
fractions and granitic tourmaline dominate at larger fractions.  Due to the contrasting size of 
tourmalines from metamorphic and granitic source rocks, finding these detrital tourmalines at 
opposite ends of the sand fraction is not surprising.  The dichotomy between metamorphic and 
granitic detrital tourmaline abundance is instructive however, in illustrating the effects of grain 
size fraction selection on provenance studies.   
Typically, heavy mineral analyses are done using distinct grain size fraction(s).  Two 
approaches have traditionally been used: the first utilizes a narrow size fraction while the second 
focuses on a wide size fraction (e.g. Morton and Hallsworth 1994).  A narrow size fraction 
analysis has the advantage of capturing grains with similar hydrodynamic behavior (as size is a 
controlling factor).  Morton and Hallswoth (1994) suggest using the very fine sand fraction (63 
µm-125 µm) because many heavy minerals are concentrated in this fraction.  However, because 
heavy mineral detritus generated at the source can be highly variable in size and shape (as with 
tourmaline in the Black Hills), analysis over a wide size fraction can better cover this wide 
spectrum of provenance-indicating detritus.   
For sediments closer to source, like the sediments of this study, tourmalines in the very 
fine sand fraction alone will not accurately reflect all tourmaline-bearing rock types at the source 
if tourmaline sizes differ greatly with rock type.  In the Black Hills, the very fine sand fraction 
yields a disproportionate number of metamorphic tourmalines.  Granitic species are far less 
likely to be found in this fraction at such close proximity to the source.  Thus, in the case of the 
Black Hills, provenance determined using only tourmalines in the very fine sand fraction would 
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inaccurately imply the lack of a granitic source.  Consequently, a wider fraction approach, such 
as using a medium to very fine-grained interval, for provenance studies utilizing tourmaline is 
recommended.  In turn, this wider size range of detritus is likely to yield more accurate estimates 
of the proportions of the tourmaline-bearing lithologies in the source area(s).  
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APPENDIX: TOURMALINE ANALYTICAL DATA 
 
Source rock tourmaline analyses       
         
Sample BH4 BH4 BH4 BH4 BH4 BH4 BH4 BH5
Number 106 107 108 110 111 112 113 24
Comment core inner rim rim rim core core inner rim rim
SiO2 36.42 35.41 35.09 35.96 36.03 36.31 35.91 35.85
Al2O3 33.38 30.39 31.97 32.38 32.63 34.01 31.40 33.32
Cr2O3 0.07 0.01 0.01 0.02 0.02 0.04 0.00 0.08
TiO2 0.20 0.61 0.84 0.50 0.26 0.56 0.46 0.66
FeO 4.37 9.60 7.35 7.81 5.30 3.06 9.35 6.56
MnO 0.00 0.01 0.01 0.03 0.09 0.11 0.02 0.02
MgO 7.37 5.48 6.02 5.56 7.03 8.21 5.53 6.05
ZnO 0.02 0.01 0.04 0.04 0.04 0.11 0.02 0.00
CaO 0.45 0.14 0.44 0.34 0.25 0.66 0.17 0.50
Na2O 2.07 2.10 1.84 1.62 1.92 1.89 2.07 1.75
K2O 0.04 0.03 0.03 0.02 0.02 0.03 0.02 0.10
F 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.55 10.26 10.16 10.42 10.44 10.52 10.40 10.39
Total 94.94 94.10 93.80 94.70 94.03 95.51 95.35 95.27
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.481 6.069 6.443 6.367 6.404 6.624 6.183 6.572
Cr 0.010 0.001 0.001 0.003 0.003 0.005 0.000 0.011
Ti 0.025 0.078 0.108 0.063 0.033 0.070 0.058 0.083
Fe2+ 0.602 1.360 1.051 1.090 0.738 0.423 1.307 0.918
Mn2+ 0.000 0.001 0.002 0.004 0.013 0.015 0.003 0.003
Mg 1.810 1.384 1.535 1.383 1.745 2.022 1.377 1.510
Zn 0.003 0.001 0.005 0.005 0.005 0.013 0.002 0.000
Ca 0.079 0.025 0.081 0.061 0.045 0.117 0.030 0.089
Na 0.661 0.690 0.610 0.524 0.620 0.606 0.671 0.568
K 0.008 0.005 0.006 0.004 0.004 0.006 0.004 0.022
F 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 25 26 27 28 29 30 32 33
Comment core rim core core core core rim inner rim
SiO2 35.89 35.77 36.61 36.39 36.73 36.17 37.12 35.96
Al2O3 31.25 33.42 32.66 32.06 33.29 30.47 33.52 31.02
Cr2O3 0.04 0.05 0.06 0.01 0.07 0.00 0.05 0.00
TiO2 0.70 0.65 0.28 0.45 0.16 0.95 0.72 0.83
FeO 8.06 6.98 8.61 8.62 8.84 8.60 6.71 8.13
MnO 0.03 0.03 0.00 0.00 0.00 0.01 0.00 0.00
MgO 6.32 6.05 5.14 5.45 4.83 6.33 6.30 6.45
ZnO 0.07 0.08 0.03 0.03 0.02 0.02 0.00 0.00
CaO 0.83 0.72 0.04 0.48 0.03 0.30 0.58 0.85
Na2O 1.75 1.67 1.71 1.91 1.59 2.07 1.85 1.81
K2O 0.02 0.01 0.02 0.02 0.02 0.03 0.04 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.40 10.36 10.61 10.54 10.64 10.48 10.75 10.42
Total 95.35 95.79 95.75 95.95 96.20 95.42 97.64 95.49
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.157 6.607 6.309 6.230 6.409 5.957 6.386 6.100
Cr 0.005 0.006 0.008 0.001 0.009 0.000 0.007 0.000
Ti 0.088 0.082 0.034 0.056 0.019 0.119 0.087 0.104
Fe2+ 1.127 0.979 1.180 1.189 1.208 1.193 0.907 1.134
Mn2+ 0.005 0.005 0.000 0.000 0.000 0.001 0.000 0.000
Mg 1.575 1.513 1.256 1.340 1.176 1.565 1.518 1.604
Zn 0.009 0.010 0.003 0.003 0.002 0.002 0.001 0.000
Ca 0.148 0.129 0.007 0.085 0.004 0.053 0.100 0.151
Na 0.567 0.543 0.543 0.611 0.504 0.666 0.579 0.586
K 0.003 0.003 0.003 0.004 0.004 0.005 0.009 0.006
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 35 36 38 40 1 2 3 4
Comment inner rim inner rim core rim traverse traverse traverse traverse
SiO2 35.91 36.30 36.30 37.09 36.68 36.08 35.69 35.72
Al2O3 32.05 32.07 30.82 31.20 30.69 33.21 32.85 32.51
Cr2O3 0.02 0.03 0.05 0.01 0.05 0.05 0.07 0.04
TiO2 0.68 0.37 1.04 0.66 0.58 0.37 0.70 0.68
FeO 7.64 8.50 9.25 7.31 7.94 7.78 7.74 7.92
MnO 0.07 0.03 0.00 0.00 0.02 0.01 0.05 0.07
MgO 5.97 5.60 5.80 6.63 6.45 5.83 5.91 5.88
ZnO 0.07 0.03 0.01 0.00 0.04 0.04 0.05 0.07
CaO 0.43 0.06 0.13 0.54 0.30 0.57 0.62 0.59
Na2O 1.69 1.95 2.03 1.90 1.91 1.64 1.54 1.68
K2O 0.03 0.02 0.04 0.03 0.32 0.06 0.05 0.04
F 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
B2O3* 10.40 10.52 10.52 10.74 10.63 10.45 10.34 10.35
Total 94.95 95.46 95.97 96.14 95.59 96.10 95.60 95.53
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.311 6.247 6.004 5.949 5.917 6.509 6.509 6.436
Cr 0.003 0.004 0.006 0.001 0.006 0.007 0.010 0.005
Ti 0.085 0.046 0.129 0.080 0.072 0.047 0.088 0.086
Fe2+ 1.068 1.175 1.279 0.989 1.086 1.082 1.088 1.113
Mn2+ 0.010 0.004 0.000 0.000 0.002 0.002 0.008 0.010
Mg 1.487 1.380 1.429 1.599 1.573 1.445 1.481 1.472
Zn 0.009 0.003 0.001 0.001 0.004 0.005 0.006 0.008
Ca 0.076 0.011 0.023 0.094 0.052 0.102 0.112 0.105
Na 0.548 0.625 0.651 0.596 0.606 0.529 0.502 0.547
K 0.006 0.003 0.008 0.005 0.066 0.012 0.010 0.008
F 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 5 6 7 8 9 10 11 12
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 35.99 35.83 36.28 36.06 35.98 35.73 35.70 35.96
Al2O3 32.27 32.20 32.15 31.94 31.59 31.60 31.52 31.37
Cr2O3 0.04 0.03 0.04 0.04 0.03 0.02 0.04 0.02
TiO2 0.74 0.69 0.79 0.74 0.72 0.72 0.77 0.71
FeO 7.83 8.09 8.02 8.22 8.08 8.29 8.47 8.76
MnO 0.07 0.03 0.05 0.03 0.05 0.05 0.02 0.03
MgO 5.97 5.86 6.03 6.00 6.10 6.10 6.20 6.14
ZnO 0.05 0.00 0.00 0.00 0.00 0.02 0.03 0.01
CaO 0.50 0.43 0.54 0.54 0.53 0.57 0.69 0.46
Na2O 1.72 1.76 1.83 1.78 1.80 1.74 1.76 1.89
K2O 0.04 0.04 0.03 0.04 0.04 0.03 0.02 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.43 10.38 10.51 10.45 10.42 10.35 10.34 10.42
Total 95.65 95.34 96.27 95.83 95.34 95.23 95.55 95.79
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.341 6.355 6.266 6.264 6.209 6.254 6.244 6.169
Cr 0.006 0.004 0.005 0.005 0.004 0.003 0.005 0.003
Ti 0.092 0.087 0.098 0.093 0.090 0.091 0.097 0.089
Fe2+ 1.092 1.133 1.109 1.144 1.127 1.164 1.191 1.222
Mn2+ 0.010 0.004 0.006 0.004 0.007 0.008 0.002 0.004
Mg 1.484 1.463 1.487 1.488 1.517 1.527 1.553 1.527
Zn 0.007 0.000 0.000 0.000 0.000 0.003 0.003 0.001
Ca 0.089 0.078 0.096 0.096 0.095 0.102 0.124 0.082
Na 0.556 0.571 0.587 0.574 0.582 0.567 0.574 0.611
K 0.009 0.008 0.007 0.009 0.008 0.007 0.005 0.008
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 13 14 15 16 17 18 19 20
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 35.82 36.23 35.41 36.47 34.85 36.43 36.51 36.39
Al2O3 31.40 31.45 30.39 32.01 30.45 32.22 32.46 30.73
Cr2O3 0.03 0.01 0.04 0.04 0.04 0.02 0.04 0.04
TiO2 0.77 0.67 0.71 0.52 0.82 0.50 0.38 0.61
FeO 8.55 8.67 8.07 8.67 8.04 7.94 8.15 7.59
MnO 0.02 0.01 0.01 0.03 0.03 0.00 0.06 0.00
MgO 6.19 6.12 5.96 5.51 5.51 5.94 5.83 7.13
ZnO 0.00 0.08 0.03 0.00 0.03 0.01 0.02 0.00
CaO 0.53 0.32 0.27 0.06 0.18 0.10 0.06 0.77
Na2O 1.85 1.95 1.89 1.89 1.79 1.84 1.80 1.71
K2O 0.04 0.05 0.02 0.03 0.04 0.04 0.03 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.38 10.50 10.26 10.56 10.10 10.55 10.58 10.54
Total 95.58 96.03 93.06 95.78 91.87 95.60 95.91 95.54
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.199 6.139 6.069 6.207 6.179 6.254 6.287 5.972
Cr 0.004 0.001 0.006 0.005 0.005 0.002 0.005 0.005
Ti 0.097 0.083 0.091 0.064 0.106 0.062 0.047 0.075
Fe2+ 1.198 1.201 1.144 1.193 1.158 1.094 1.120 1.047
Mn2+ 0.003 0.001 0.001 0.004 0.004 0.000 0.008 0.001
Mg 1.546 1.511 1.506 1.351 1.414 1.458 1.428 1.753
Zn 0.000 0.009 0.004 0.000 0.004 0.001 0.002 0.000
Ca 0.095 0.056 0.049 0.011 0.034 0.017 0.010 0.136
Na 0.601 0.626 0.621 0.603 0.598 0.588 0.574 0.547
K 0.008 0.010 0.004 0.006 0.008 0.009 0.007 0.007
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 21 22 23 24 25 26 27 28
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 36.39 36.60 36.68 36.84 36.04 36.09 36.44 36.25
Al2O3 30.93 31.67 30.54 30.78 30.98 31.84 30.72 30.52
Cr2O3 0.04 0.02 0.03 0.01 0.05 0.01 0.06 0.02
TiO2 0.73 0.71 0.53 0.40 0.41 0.61 0.53 0.50
FeO 7.53 7.69 7.66 7.92 8.14 7.51 7.75 7.75
MnO 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.01
MgO 7.08 6.79 7.37 7.15 7.18 6.46 6.95 7.17
ZnO 0.05 0.04 0.02 0.05 0.02 0.00 0.02 0.04
CaO 0.86 0.78 0.71 0.64 0.74 0.65 0.82 0.77
Na2O 1.73 1.77 1.95 1.89 1.86 1.72 1.72 1.79
K2O 0.04 0.02 0.04 0.03 0.03 0.03 0.03 0.04
F 0.01 0.00 0.12 0.06 0.04 0.00 0.01 0.05
B2O3* 10.54 10.60 10.63 10.67 10.44 10.45 10.56 10.50
Total 95.92 96.70 96.30 96.45 95.92 95.37 95.61 95.40
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.010 6.119 5.888 5.908 6.079 6.239 5.961 5.954
Cr 0.005 0.003 0.004 0.001 0.006 0.002 0.008 0.002
Ti 0.091 0.087 0.065 0.049 0.051 0.076 0.065 0.062
Fe2+ 1.038 1.054 1.048 1.079 1.133 1.044 1.067 1.073
Mn2+ 0.000 0.001 0.004 0.000 0.000 0.000 0.000 0.001
Mg 1.740 1.659 1.797 1.736 1.782 1.601 1.706 1.769
Zn 0.006 0.005 0.003 0.006 0.003 0.000 0.003 0.005
Ca 0.152 0.138 0.124 0.112 0.132 0.116 0.145 0.137
Na 0.553 0.563 0.618 0.597 0.600 0.554 0.549 0.574
K 0.007 0.004 0.007 0.007 0.006 0.006 0.007 0.008
F 0.004 0.000 0.060 0.031 0.020 0.000 0.007 0.028
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 29 30 31 32 33 34 35 36
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 36.38 35.82 36.17 36.35 35.83 36.34 36.01 35.98
Al2O3 30.05 29.29 28.80 30.08 30.50 31.84 30.99 30.62
Cr2O3 0.01 0.01 0.02 0.17 0.04 0.06 0.08 0.03
TiO2 0.37 0.48 0.38 0.58 1.44 0.97 0.96 0.95
FeO 8.31 8.87 8.85 8.06 8.84 8.36 8.36 9.06
MnO 0.01 0.03 0.03 0.00 0.03 0.03 0.01 0.00
MgO 7.30 7.55 7.63 7.38 5.61 5.82 5.88 6.16
ZnO 0.05 0.00 0.00 0.03 0.01 0.05 0.01 0.06
CaO 0.81 0.89 1.08 0.76 0.12 0.14 0.19 0.30
Na2O 1.91 1.93 1.91 1.92 1.95 1.84 1.96 2.09
K2O 0.03 0.03 0.04 0.04 0.05 0.03 0.02 0.04
F 0.08 0.12 0.11 0.04 0.00 0.00 0.00 0.00
B2O3* 10.54 10.38 10.48 10.53 10.38 10.53 10.43 10.42
Total 95.84 95.39 95.49 95.93 94.79 96.00 94.89 95.71
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 5.841 5.782 5.631 5.852 6.020 6.196 6.086 6.018
Cr 0.001 0.002 0.003 0.022 0.006 0.007 0.010 0.004
Ti 0.046 0.061 0.047 0.071 0.181 0.120 0.121 0.119
Fe2+ 1.146 1.243 1.228 1.113 1.238 1.154 1.165 1.264
Mn2+ 0.001 0.005 0.004 0.000 0.004 0.004 0.002 0.000
Mg 1.795 1.885 1.887 1.816 1.401 1.433 1.461 1.531
Zn 0.006 0.000 0.000 0.003 0.001 0.006 0.001 0.007
Ca 0.142 0.160 0.192 0.135 0.021 0.025 0.033 0.054
Na 0.611 0.627 0.614 0.615 0.633 0.589 0.633 0.676
K 0.007 0.006 0.009 0.009 0.010 0.006 0.004 0.009
F 0.039 0.061 0.057 0.019 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH5 BH5 BH5 BH5 BH5 BH5 BH5 BH5
Number 37 38 39 40 41 42 43 44
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 36.11 35.80 35.82 36.07 35.56 35.01 36.82 35.87
Al2O3 31.10 32.18 31.74 32.02 32.55 32.20 33.13 33.06
Cr2O3 0.00 0.03 0.03 0.00 0.05 0.06 0.03 0.02
TiO2 0.79 0.75 0.72 0.73 0.73 0.72 0.71 0.62
FeO 8.34 7.86 8.03 7.90 7.68 7.83 7.62 7.69
MnO 0.00 0.04 0.02 0.05 0.02 0.04 0.03 0.08
MgO 6.29 6.06 6.00 6.14 6.04 5.91 6.24 6.05
ZnO 0.00 0.05 0.00 0.04 0.01 0.00 0.00 0.00
CaO 0.49 0.60 0.62 0.72 0.84 0.85 0.87 0.91
Na2O 1.84 1.81 1.73 1.69 1.63 1.53 1.66 1.50
K2O 0.04 0.02 0.02 0.03 0.02 0.03 0.02 0.02
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.46 10.37 10.38 10.45 10.30 10.14 10.67 10.39
Total 95.47 95.56 95.11 95.82 95.44 94.33 97.79 96.21
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.090 6.356 6.266 6.277 6.473 6.504 6.363 6.518
Cr 0.000 0.004 0.004 0.000 0.007 0.008 0.004 0.003
Ti 0.099 0.094 0.090 0.091 0.093 0.093 0.087 0.078
Fe2+ 1.159 1.102 1.125 1.099 1.084 1.122 1.038 1.076
Mn2+ 0.001 0.006 0.003 0.007 0.003 0.006 0.004 0.011
Mg 1.558 1.514 1.498 1.523 1.519 1.510 1.516 1.509
Zn 0.000 0.006 0.000 0.004 0.001 0.000 0.000 0.000
Ca 0.087 0.107 0.111 0.128 0.152 0.157 0.151 0.163
Na 0.593 0.588 0.562 0.545 0.533 0.508 0.525 0.487
K 0.009 0.005 0.005 0.006 0.005 0.007 0.005 0.005
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
 
 95
 
Source rock tourmaline analyses       
         
Sample BH5 BH5 BH8 BH10b BH10b BH10b BH10b BH10b
Number 45 46 49 1 2 3 4 5
Comment traverse traverse unzoned traverse traverse traverse traverse traverse
SiO2 35.91 35.69 36.19 34.06 34.34 34.19 34.39 34.36
Al2O3 32.91 33.25 31.33 33.15 33.05 33.28 33.23 33.17
Cr2O3 0.04 0.05 0.00 0.00 0.00 0.04 0.00 0.00
TiO2 0.63 0.63 0.06 0.11 0.12 0.14 0.13 0.12
FeO 7.45 7.11 4.42 12.47 12.52 12.85 12.90 12.70
MnO 0.03 0.04 0.09 0.15 0.13 0.10 0.14 0.12
MgO 5.95 6.27 8.09 2.00 2.03 1.98 2.06 2.05
ZnO 0.02 0.48 0.09 0.01 0.03 0.10 0.11 0.11
CaO 0.90 0.64 0.04 0.07 0.08 0.10 0.10 0.10
Na2O 1.42 1.75 1.87 1.60 1.61 1.58 1.63 1.63
K2O 0.03 0.03 0.02 0.05 0.03 0.03 0.06 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.40 10.34 10.48 9.87 9.95 9.90 9.96 9.95
Total 95.68 96.27 92.67 93.52 93.88 94.29 94.69 94.36
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.481 6.588 6.122 6.883 6.806 6.883 6.833 6.827
Cr 0.006 0.007 0.000 0.001 0.000 0.005 0.000 0.000
Ti 0.079 0.079 0.008 0.015 0.015 0.019 0.017 0.016
Fe2+ 1.041 1.000 0.613 1.837 1.829 1.886 1.882 1.855
Mn2+ 0.004 0.005 0.012 0.022 0.019 0.015 0.020 0.018
Mg 1.482 1.571 2.000 0.525 0.530 0.517 0.536 0.534
Zn 0.003 0.060 0.011 0.001 0.004 0.013 0.014 0.014
Ca 0.161 0.115 0.006 0.013 0.014 0.019 0.019 0.019
Na 0.460 0.570 0.601 0.545 0.546 0.536 0.550 0.552
K 0.006 0.006 0.004 0.011 0.007 0.007 0.013 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 6 7 8 9 10 11 12 13
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 34.16 34.50 34.49 34.51 34.30 34.23 34.08 34.22
Al2O3 33.19 33.37 33.14 33.51 33.28 33.40 33.19 33.08
Cr2O3 0.00 0.00 0.00 0.00 0.04 0.00 0.03 0.04
TiO2 0.12 0.14 0.18 0.12 0.12 0.12 0.15 0.11
FeO 12.46 12.70 12.55 12.80 12.72 12.87 12.83 12.73
MnO 0.17 0.12 0.18 0.15 0.12 0.13 0.16 0.12
MgO 2.01 2.02 2.04 1.99 1.88 2.01 1.95 1.98
ZnO 0.06 0.12 0.07 0.09 0.03 0.11 0.10 0.09
CaO 0.09 0.08 0.08 0.10 0.12 0.09 0.10 0.09
Na2O 1.74 1.70 1.55 1.59 1.61 1.59 1.63 1.66
K2O 0.05 0.01 0.02 0.03 0.03 0.03 0.04 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.90 9.99 9.99 10.00 9.94 9.92 9.87 9.91
Total 93.94 94.75 94.30 94.88 94.18 94.50 94.13 94.07
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.871 6.840 6.795 6.867 6.861 6.900 6.887 6.836
Cr 0.000 0.000 0.001 0.001 0.006 0.000 0.004 0.005
Ti 0.016 0.018 0.024 0.016 0.016 0.016 0.020 0.015
Fe2+ 1.830 1.847 1.826 1.861 1.861 1.887 1.889 1.867
Mn2+ 0.025 0.018 0.026 0.022 0.017 0.020 0.024 0.018
Mg 0.526 0.523 0.528 0.515 0.490 0.526 0.512 0.517
Zn 0.008 0.015 0.009 0.011 0.004 0.015 0.013 0.011
Ca 0.017 0.015 0.016 0.018 0.022 0.017 0.019 0.017
Na 0.591 0.574 0.524 0.537 0.545 0.540 0.557 0.563
K 0.012 0.002 0.004 0.007 0.006 0.006 0.008 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 14 15 16 17 18 19 20 21
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 34.45 34.41 34.61 34.57 34.10 34.19 34.18 34.11
Al2O3 33.21 33.39 33.30 33.22 33.02 33.09 32.96 33.11
Cr2O3 0.00 0.00 0.00 0.05 0.04 0.00 0.00 0.00
TiO2 0.14 0.13 0.14 0.14 0.15 0.14 0.14 0.14
FeO 12.51 12.99 12.55 12.71 12.56 12.65 12.31 12.81
MnO 0.16 0.13 0.17 0.11 0.20 0.19 0.12 0.18
MgO 1.98 1.97 1.97 2.02 1.94 2.01 1.91 1.90
ZnO 0.04 0.08 0.10 0.17 0.09 0.21 0.11 0.06
CaO 0.09 0.09 0.12 0.07 0.11 0.11 0.09 0.07
Na2O 1.64 1.67 1.64 1.59 1.56 1.66 1.70 1.62
K2O 0.03 0.04 0.04 0.04 0.04 0.02 0.02 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.98 9.97 10.03 10.01 9.88 9.90 9.90 9.88
Total 94.22 94.86 94.65 94.69 93.69 94.18 93.44 93.93
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.817 6.862 6.804 6.795 6.848 6.844 6.819 6.864
Cr 0.000 0.000 0.000 0.006 0.006 0.000 0.000 0.000
Ti 0.018 0.017 0.019 0.018 0.020 0.019 0.019 0.019
Fe2+ 1.822 1.894 1.820 1.845 1.848 1.857 1.807 1.884
Mn2+ 0.023 0.020 0.025 0.016 0.030 0.028 0.017 0.026
Mg 0.513 0.512 0.509 0.522 0.507 0.526 0.501 0.497
Zn 0.004 0.010 0.012 0.022 0.012 0.027 0.014 0.008
Ca 0.017 0.016 0.023 0.013 0.021 0.020 0.017 0.014
Na 0.554 0.566 0.550 0.534 0.534 0.563 0.578 0.553
K 0.007 0.008 0.008 0.008 0.009 0.005 0.005 0.012
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 22 23 24 25 26 27 28 29
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 34.48 34.05 34.13 34.18 34.47 34.34 34.34 34.33
Al2O3 33.13 33.03 33.01 32.66 33.07 32.74 32.89 33.11
Cr2O3 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.02
TiO2 0.16 0.15 0.16 0.13 0.16 0.16 0.10 0.05
FeO 12.28 12.71 12.63 12.59 12.93 12.68 13.24 12.88
MnO 0.16 0.16 0.14 0.16 0.19 0.19 0.25 0.23
MgO 1.96 2.04 1.90 1.91 1.93 1.90 1.81 1.69
ZnO 0.12 0.07 0.13 0.07 0.13 0.09 0.01 0.06
CaO 0.12 0.08 0.10 0.11 0.10 0.09 0.08 0.06
Na2O 1.55 1.54 1.57 1.61 1.64 1.58 1.51 1.58
K2O 0.04 0.05 0.04 0.02 0.05 0.03 0.03 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.99 9.86 9.89 9.90 9.99 9.95 9.95 9.94
Total 94.01 93.74 93.71 93.34 94.67 93.74 94.20 93.98
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.795 6.860 6.839 6.757 6.784 6.742 6.773 6.820
Cr 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.003
Ti 0.022 0.020 0.022 0.017 0.021 0.021 0.013 0.006
Fe2+ 1.787 1.873 1.857 1.848 1.882 1.853 1.935 1.883
Mn2+ 0.024 0.024 0.021 0.023 0.029 0.028 0.036 0.033
Mg 0.508 0.536 0.498 0.499 0.501 0.496 0.472 0.441
Zn 0.016 0.009 0.017 0.009 0.016 0.011 0.001 0.008
Ca 0.022 0.016 0.018 0.021 0.019 0.018 0.014 0.011
Na 0.522 0.526 0.536 0.549 0.553 0.536 0.510 0.536
K 0.009 0.010 0.010 0.005 0.012 0.006 0.007 0.006
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 30 31 32 33 34 35 36 37
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 34.42 34.00 34.03 33.83 34.28 34.11 34.24 34.46
Al2O3 33.31 33.22 32.94 33.02 33.10 33.34 33.16 33.20
Cr2O3 0.02 0.03 0.00 0.00 0.00 0.00 0.02 0.00
TiO2 0.10 0.05 0.07 0.06 0.02 0.04 0.03 0.02
FeO 12.49 12.45 12.25 12.73 12.38 12.47 12.15 12.87
MnO 0.18 0.14 0.20 0.16 0.15 0.18 0.16 0.12
MgO 1.73 1.75 1.72 1.61 1.61 1.58 1.63 1.61
ZnO 0.07 0.15 0.07 0.08 0.17 0.09 0.04 0.11
CaO 0.07 0.07 0.05 0.05 0.05 0.07 0.02 0.04
Na2O 1.51 1.46 1.49 1.43 1.42 1.41 1.40 1.41
K2O 0.03 0.02 0.02 0.01 0.01 0.04 0.04 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.97 9.85 9.86 9.80 9.93 9.88 9.92 9.98
Total 93.90 93.18 92.70 92.77 93.12 93.21 92.80 93.86
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.843 6.909 6.845 6.902 6.828 6.912 6.848 6.813
Cr 0.003 0.004 0.001 0.000 0.000 0.000 0.002 0.000
Ti 0.013 0.006 0.010 0.008 0.003 0.005 0.004 0.003
Fe2+ 1.821 1.837 1.806 1.888 1.812 1.834 1.781 1.874
Mn2+ 0.027 0.021 0.030 0.023 0.022 0.026 0.024 0.017
Mg 0.450 0.459 0.452 0.426 0.419 0.415 0.426 0.418
Zn 0.009 0.019 0.010 0.010 0.022 0.012 0.005 0.015
Ca 0.012 0.013 0.010 0.010 0.009 0.013 0.004 0.007
Na 0.512 0.499 0.508 0.490 0.483 0.481 0.476 0.476
K 0.007 0.005 0.005 0.003 0.002 0.010 0.008 0.009
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 38 39 40 41 42 43 44 45
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 34.36 34.42 34.15 34.48 34.26 34.18 34.04 33.84
Al2O3 33.21 33.52 32.99 33.12 33.02 33.12 33.16 33.11
Cr2O3 0.04 0.00 0.07 0.00 0.00 0.00 0.04 0.00
TiO2 0.06 0.05 0.03 0.04 0.06 0.06 0.08 0.05
FeO 12.47 12.74 12.50 12.63 12.46 12.52 12.39 12.66
MnO 0.15 0.19 0.15 0.15 0.19 0.17 0.13 0.15
MgO 1.65 1.63 1.62 1.63 1.73 1.66 1.60 1.59
ZnO 0.08 0.13 0.11 0.03 0.08 0.05 0.08 0.04
CaO 0.07 0.05 0.07 0.05 0.05 0.03 0.06 0.04
Na2O 1.36 1.35 1.40 1.45 1.42 1.47 1.47 1.44
K2O 0.04 0.05 0.03 0.02 0.04 0.03 0.04 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.95 9.97 9.89 9.99 9.92 9.90 9.86 9.80
Total 93.44 94.09 93.01 93.59 93.23 93.19 92.95 92.76
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.835 6.887 6.831 6.793 6.816 6.852 6.889 6.919
Cr 0.006 0.000 0.010 0.000 0.000 0.000 0.006 0.000
Ti 0.008 0.006 0.004 0.006 0.008 0.008 0.011 0.006
Fe2+ 1.821 1.857 1.837 1.838 1.825 1.838 1.826 1.877
Mn2+ 0.023 0.028 0.023 0.022 0.028 0.026 0.020 0.022
Mg 0.429 0.423 0.424 0.423 0.451 0.433 0.421 0.421
Zn 0.010 0.017 0.014 0.004 0.010 0.007 0.010 0.005
Ca 0.013 0.009 0.013 0.009 0.010 0.006 0.011 0.008
Na 0.460 0.455 0.477 0.490 0.483 0.499 0.502 0.496
K 0.008 0.010 0.007 0.004 0.008 0.006 0.010 0.010
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
 
 101
 
Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 46 47 48 49 50 51 52 53
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.74 33.90 33.73 33.64 33.77 33.77 33.85 33.76
Al2O3 33.14 33.11 32.83 32.82 32.69 32.69 32.77 32.87
Cr2O3 0.00 0.06 0.00 0.02 0.00 0.00 0.00 0.00
TiO2 0.07 0.05 0.04 0.05 0.02 0.02 0.04 0.08
FeO 12.46 12.56 12.56 12.95 12.49 12.49 12.40 12.33
MnO 0.20 0.12 0.14 0.13 0.20 0.20 0.14 0.20
MgO 1.55 1.64 1.60 1.64 1.63 1.63 1.70 1.66
ZnO 0.05 0.12 0.14 0.09 0.10 0.10 0.03 0.10
CaO 0.04 0.07 0.06 0.05 0.05 0.05 0.07 0.06
Na2O 1.53 1.51 1.49 1.47 1.54 1.54 1.49 1.50
K2O 0.03 0.02 0.04 0.05 0.04 0.04 0.05 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.77 9.82 9.77 9.74 9.78 9.78 9.81 9.78
Total 92.58 92.98 92.41 92.64 92.30 92.30 92.32 92.36
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.946 6.907 6.883 6.899 6.845 6.845 6.846 6.885
Cr 0.000 0.008 0.000 0.003 0.000 0.000 0.000 0.000
Ti 0.009 0.007 0.006 0.006 0.003 0.003 0.005 0.010
Fe2+ 1.853 1.859 1.868 1.932 1.856 1.856 1.838 1.833
Mn2+ 0.030 0.018 0.021 0.020 0.030 0.030 0.020 0.029
Mg 0.410 0.433 0.425 0.435 0.431 0.431 0.450 0.440
Zn 0.007 0.016 0.019 0.012 0.012 0.012 0.004 0.013
Ca 0.008 0.013 0.012 0.009 0.009 0.009 0.013 0.011
Na 0.527 0.520 0.513 0.508 0.530 0.530 0.511 0.517
K 0.007 0.005 0.009 0.010 0.009 0.009 0.010 0.007
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 54 55 56 57 58 59 60 61
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.82 33.45 33.56 33.66 33.65 33.64 33.55 33.50
Al2O3 32.70 33.04 32.72 32.61 32.54 32.98 32.76 32.72
Cr2O3 0.00 0.00 0.00 0.04 0.06 0.00 0.00 0.02
TiO2 0.06 0.04 0.07 0.06 0.07 0.06 0.09 0.05
FeO 12.69 12.30 12.72 12.76 12.38 12.86 12.18 12.48
MnO 0.14 0.22 0.15 0.13 0.20 0.10 0.17 0.26
MgO 1.69 1.71 1.72 1.69 1.70 1.67 1.71 1.55
ZnO 0.10 0.12 0.12 0.05 0.11 0.11 0.07 0.08
CaO 0.08 0.06 0.08 0.05 0.08 0.08 0.07 0.06
Na2O 1.47 1.44 1.46 1.52 1.41 1.43 1.45 1.26
K2O 0.05 0.03 0.01 0.04 0.03 0.03 0.04 0.06
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.80 9.69 9.72 9.75 9.75 9.74 9.72 9.70
Total 92.58 92.09 92.33 92.36 91.97 92.71 91.80 91.75
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.837 6.985 6.894 6.851 6.838 6.933 6.905 6.907
Cr 0.000 0.000 0.000 0.006 0.008 0.001 0.000 0.003
Ti 0.008 0.006 0.010 0.009 0.009 0.008 0.012 0.007
Fe2+ 1.883 1.845 1.902 1.902 1.846 1.918 1.822 1.869
Mn2+ 0.020 0.033 0.022 0.019 0.030 0.015 0.025 0.039
Mg 0.446 0.457 0.459 0.448 0.452 0.445 0.457 0.415
Zn 0.013 0.016 0.016 0.006 0.014 0.015 0.009 0.011
Ca 0.015 0.012 0.015 0.010 0.015 0.015 0.013 0.012
Na 0.507 0.502 0.505 0.527 0.488 0.494 0.503 0.437
K 0.010 0.006 0.002 0.008 0.007 0.007 0.009 0.013
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 62 63 64 65 66 67 68 69
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.59 33.48 33.25 33.51 33.38 33.64 33.35 33.88
Al2O3 32.87 32.87 32.59 32.82 32.78 32.51 32.50 32.41
Cr2O3 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.04
TiO2 0.05 0.06 0.10 0.10 0.10 0.09 0.12 0.14
FeO 12.81 12.48 12.76 12.49 12.48 12.60 12.71 12.60
MnO 0.16 0.24 0.15 0.12 0.17 0.17 0.15 0.22
MgO 1.65 1.70 1.68 1.69 1.78 1.79 1.80 1.85
ZnO 0.09 0.10 0.07 0.15 0.06 0.11 0.01 0.11
CaO 0.06 0.05 0.07 0.05 0.07 0.09 0.06 0.06
Na2O 1.32 1.43 1.36 1.42 1.55 1.44 1.56 1.47
K2O 0.04 0.05 0.05 0.03 0.04 0.05 0.03 0.02
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.73 9.70 9.63 9.71 9.67 9.74 9.66 9.81
Total 92.36 92.15 91.77 92.09 92.07 92.24 91.94 92.61
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.920 6.943 6.931 6.926 6.944 6.834 6.891 6.765
Cr 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.005
Ti 0.007 0.008 0.013 0.014 0.013 0.012 0.016 0.019
Fe2+ 1.914 1.870 1.926 1.870 1.876 1.879 1.912 1.866
Mn2+ 0.024 0.036 0.023 0.019 0.025 0.026 0.022 0.034
Mg 0.438 0.454 0.451 0.452 0.477 0.476 0.483 0.489
Zn 0.011 0.013 0.009 0.020 0.008 0.015 0.001 0.014
Ca 0.011 0.009 0.014 0.009 0.014 0.017 0.011 0.011
Na 0.458 0.496 0.476 0.491 0.538 0.499 0.544 0.504
K 0.009 0.012 0.011 0.007 0.009 0.011 0.007 0.005
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 70 71 72 73 74 75 76 77
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.75 33.97 34.01 33.99 33.82 33.61 33.79 33.73
Al2O3 32.53 32.35 32.19 32.20 32.22 32.32 32.43 32.49
Cr2O3 0.01 0.00 0.00 0.03 0.01 0.04 0.01 0.05
TiO2 0.13 0.11 0.11 0.15 0.11 0.11 0.13 0.05
FeO 12.52 12.37 12.57 12.39 12.51 12.64 12.72 12.49
MnO 0.13 0.14 0.23 0.23 0.13 0.18 0.15 0.15
MgO 1.79 1.84 1.79 1.84 1.82 1.80 1.70 1.58
ZnO 0.06 0.06 0.09 0.09 0.04 0.05 0.15 0.11
CaO 0.08 0.08 0.09 0.07 0.09 0.05 0.06 0.06
Na2O 1.48 1.51 1.43 1.49 1.46 1.55 1.49 1.50
K2O 0.04 0.02 0.01 0.04 0.03 0.04 0.04 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.78 9.84 9.85 9.85 9.80 9.74 9.79 9.77
Total 92.29 92.28 92.39 92.36 92.04 92.13 92.47 92.03
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.816 6.734 6.693 6.699 6.737 6.800 6.787 6.812
Cr 0.001 0.000 0.000 0.005 0.001 0.005 0.001 0.008
Ti 0.018 0.015 0.014 0.019 0.015 0.014 0.018 0.007
Fe2+ 1.861 1.827 1.855 1.829 1.856 1.887 1.889 1.858
Mn2+ 0.019 0.020 0.035 0.035 0.020 0.028 0.023 0.023
Mg 0.474 0.485 0.472 0.484 0.482 0.479 0.450 0.418
Zn 0.008 0.008 0.012 0.012 0.005 0.007 0.020 0.015
Ca 0.015 0.014 0.017 0.013 0.017 0.010 0.012 0.012
Na 0.509 0.516 0.491 0.510 0.500 0.536 0.513 0.516
K 0.010 0.004 0.003 0.008 0.008 0.010 0.009 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 78 79 80 81 82 83 84 85
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.58 33.99 34.00 33.75 33.76 33.65 33.79 33.75
Al2O3 32.54 32.57 32.73 32.79 32.35 32.43 32.52 32.58
Cr2O3 0.02 0.00 0.00 0.05 0.04 0.01 0.01 0.01
TiO2 0.05 0.05 0.06 0.08 0.04 0.04 0.05 0.00
FeO 12.51 12.77 12.60 12.43 12.65 12.46 12.25 12.49
MnO 0.15 0.24 0.12 0.18 0.16 0.25 0.16 0.13
MgO 1.56 1.60 1.52 1.58 1.50 1.54 1.50 1.54
ZnO 0.08 0.07 0.12 0.15 0.00 0.04 0.03 0.01
CaO 0.06 0.06 0.05 0.03 0.05 0.07 0.07 0.07
Na2O 1.45 1.43 1.41 1.35 1.38 1.51 1.39 1.38
K2O 0.02 0.03 0.03 0.05 0.03 0.04 0.04 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.73 9.85 9.85 9.78 9.78 9.75 9.79 9.78
Total 91.74 92.64 92.49 92.21 91.74 91.78 91.59 91.78
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.852 6.776 6.807 6.870 6.776 6.815 6.806 6.826
Cr 0.002 0.000 0.000 0.007 0.006 0.002 0.001 0.001
Ti 0.007 0.007 0.009 0.011 0.005 0.005 0.006 0.000
Fe2+ 1.869 1.885 1.860 1.848 1.880 1.858 1.819 1.857
Mn2+ 0.022 0.036 0.018 0.027 0.024 0.038 0.024 0.019
Mg 0.417 0.422 0.399 0.418 0.397 0.409 0.398 0.407
Zn 0.011 0.009 0.016 0.020 0.000 0.005 0.004 0.001
Ca 0.011 0.011 0.009 0.006 0.010 0.013 0.013 0.012
Na 0.504 0.488 0.483 0.464 0.474 0.523 0.478 0.476
K 0.004 0.006 0.007 0.011 0.008 0.010 0.009 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 86 87 88 89 90 91 92 93
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.75 33.51 33.59 33.86 34.11 33.79 33.82 33.27
Al2O3 32.50 32.53 32.62 32.69 32.76 32.78 32.70 32.49
Cr2O3 0.00 0.00 0.00 0.04 0.04 0.00 0.00 0.03
TiO2 0.04 0.06 0.03 0.07 0.03 0.09 0.06 0.05
FeO 12.61 12.29 12.35 12.25 12.26 12.58 12.48 12.49
MnO 0.16 0.21 0.18 0.16 0.15 0.14 0.18 0.15
MgO 1.61 1.52 1.47 1.51 1.55 1.51 1.49 1.53
ZnO 0.10 0.11 0.07 0.04 0.05 0.05 0.13 0.04
CaO 0.03 0.06 0.04 0.03 0.03 0.04 0.05 0.05
Na2O 1.34 1.42 1.34 1.30 1.41 1.32 1.38 1.47
K2O 0.02 0.02 0.04 0.03 0.03 0.03 0.04 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.78 9.71 9.73 9.81 9.88 9.79 9.80 9.64
Total 91.94 91.44 91.46 91.78 92.29 92.11 92.12 91.23
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.810 6.865 6.867 6.827 6.792 6.860 6.837 6.906
Cr 0.000 0.000 0.000 0.006 0.006 0.000 0.000 0.004
Ti 0.006 0.009 0.004 0.009 0.004 0.012 0.007 0.006
Fe2+ 1.875 1.840 1.845 1.815 1.804 1.868 1.852 1.884
Mn2+ 0.025 0.032 0.027 0.023 0.022 0.022 0.027 0.022
Mg 0.426 0.405 0.392 0.398 0.405 0.398 0.394 0.411
Zn 0.013 0.014 0.009 0.006 0.006 0.006 0.017 0.005
Ca 0.006 0.012 0.008 0.006 0.006 0.008 0.010 0.010
Na 0.460 0.494 0.465 0.446 0.481 0.454 0.475 0.514
K 0.006 0.005 0.008 0.007 0.006 0.008 0.008 0.007
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 94 95 96 97 98 99 100 101
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.69 33.69 33.80 33.75 33.67 33.48 33.40 33.29
Al2O3 32.68 32.30 32.46 32.71 32.68 32.27 32.34 32.50
Cr2O3 0.00 0.01 0.00 0.00 0.01 0.01 0.06 0.00
TiO2 0.04 0.05 0.11 0.09 0.09 0.18 0.22 0.18
FeO 12.79 12.76 12.52 12.23 12.60 12.28 12.27 12.30
MnO 0.15 0.19 0.19 0.20 0.14 0.21 0.17 0.15
MgO 1.53 1.49 1.52 1.62 1.61 1.57 1.70 1.59
ZnO 0.03 0.09 0.11 0.09 0.02 0.11 0.13 0.07
CaO 0.04 0.04 0.06 0.06 0.06 0.13 0.09 0.13
Na2O 1.50 1.43 1.31 1.44 1.38 1.47 1.48 1.50
K2O 0.01 0.03 0.02 0.04 0.02 0.03 0.05 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.76 9.76 9.79 9.78 9.75 9.70 9.68 9.64
Total 92.22 91.82 91.89 92.00 92.03 91.44 91.58 91.39
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.859 6.780 6.791 6.854 6.864 6.816 6.847 6.904
Cr 0.000 0.001 0.001 0.000 0.002 0.001 0.009 0.000
Ti 0.005 0.006 0.014 0.012 0.012 0.025 0.030 0.025
Fe2+ 1.905 1.901 1.859 1.818 1.878 1.840 1.843 1.854
Mn2+ 0.022 0.028 0.029 0.030 0.020 0.032 0.026 0.023
Mg 0.406 0.396 0.403 0.429 0.427 0.420 0.456 0.428
Zn 0.004 0.011 0.014 0.012 0.003 0.014 0.018 0.009
Ca 0.008 0.008 0.012 0.012 0.011 0.025 0.017 0.026
Na 0.516 0.493 0.450 0.495 0.477 0.512 0.514 0.523
K 0.003 0.006 0.005 0.008 0.005 0.007 0.012 0.007
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 102 103 104 105 106 107 108 109
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.21 33.30 33.25 33.33 33.40 33.02 32.77 32.73
Al2O3 32.19 32.34 31.88 32.16 32.03 32.11 32.13 32.17
Cr2O3 0.00 0.00 0.00 0.00 0.07 0.00 0.01 0.00
TiO2 0.23 0.22 0.22 0.19 0.21 0.18 0.22 0.18
FeO 12.56 12.77 12.64 12.90 12.34 12.61 12.89 13.10
MnO 0.19 0.18 0.13 0.20 0.21 0.22 0.23 0.23
MgO 1.54 1.47 1.68 1.72 1.63 1.59 1.68 1.40
ZnO 0.13 0.07 0.09 0.08 0.07 0.00 0.03 0.10
CaO 0.13 0.11 0.12 0.08 0.10 0.11 0.13 0.13
Na2O 1.53 1.58 1.62 1.58 1.61 1.59 1.69 1.59
K2O 0.05 0.04 0.03 0.02 0.03 0.05 0.05 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.62 9.65 9.63 9.66 9.68 9.57 9.49 9.48
Total 91.38 91.73 91.28 91.93 91.35 91.04 91.30 91.15
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.854 6.868 6.780 6.823 6.781 6.877 6.933 6.950
Cr 0.000 0.000 0.000 0.000 0.009 0.000 0.001 0.000
Ti 0.031 0.030 0.029 0.026 0.028 0.024 0.030 0.025
Fe2+ 1.898 1.924 1.908 1.942 1.854 1.916 1.974 2.008
Mn2+ 0.029 0.028 0.020 0.031 0.031 0.034 0.036 0.035
Mg 0.414 0.396 0.453 0.462 0.436 0.431 0.459 0.381
Zn 0.017 0.009 0.011 0.010 0.009 0.000 0.004 0.014
Ca 0.026 0.021 0.023 0.016 0.018 0.022 0.025 0.026
Na 0.537 0.550 0.568 0.553 0.559 0.559 0.599 0.566
K 0.011 0.010 0.006 0.005 0.006 0.011 0.010 0.010
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 110 111 112 113 114 115 116 117
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 32.88 33.36 33.12 33.03 33.42 33.47 33.36 33.28
Al2O3 32.22 32.02 32.14 32.26 32.20 32.27 32.67 32.36
Cr2O3 0.02 0.00 0.00 0.01 0.02 0.02 0.02 0.00
TiO2 0.16 0.18 0.19 0.20 0.20 0.19 0.19 0.20
FeO 13.40 12.71 12.70 12.80 12.63 12.87 13.01 12.43
MnO 0.24 0.22 0.18 0.24 0.24 0.21 0.19 0.23
MgO 1.33 1.88 1.66 1.60 1.68 1.57 1.61 1.55
ZnO 0.08 0.11 0.12 0.03 0.15 0.08 0.04 0.05
CaO 0.08 0.11 0.09 0.12 0.13 0.12 0.11 0.10
Na2O 1.69 1.58 1.60 1.62 1.57 1.62 1.60 1.53
K2O 0.03 0.02 0.04 0.03 0.04 0.04 0.04 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.52 9.66 9.59 9.57 9.68 9.70 9.66 9.64
Total 91.65 91.85 91.45 91.49 91.96 92.14 92.50 91.42
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.930 6.787 6.862 6.907 6.813 6.818 6.925 6.876
Cr 0.003 0.000 0.000 0.002 0.003 0.003 0.003 0.000
Ti 0.022 0.024 0.026 0.027 0.026 0.025 0.026 0.028
Fe2+ 2.045 1.912 1.924 1.945 1.896 1.929 1.957 1.874
Mn2+ 0.037 0.034 0.028 0.037 0.037 0.032 0.029 0.035
Mg 0.362 0.503 0.449 0.433 0.450 0.418 0.433 0.416
Zn 0.010 0.014 0.017 0.003 0.019 0.010 0.005 0.007
Ca 0.015 0.021 0.018 0.022 0.026 0.023 0.021 0.020
Na 0.596 0.551 0.563 0.570 0.546 0.564 0.557 0.536
K 0.007 0.005 0.010 0.007 0.010 0.008 0.009 0.008
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 118 119 120 121 122 123 124 125
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.28 33.40 33.26 33.08 33.19 33.31 33.32 33.54
Al2O3 32.55 32.60 32.31 32.28 32.48 32.37 32.53 32.50
Cr2O3 0.01 0.02 0.00 0.05 0.00 0.06 0.00 0.00
TiO2 0.17 0.19 0.17 0.17 0.16 0.18 0.17 0.19
FeO 12.94 12.77 13.00 12.30 12.36 12.27 12.52 12.26
MnO 0.21 0.21 0.22 0.14 0.21 0.23 0.15 0.17
MgO 1.55 1.50 1.45 1.64 1.69 1.82 1.84 1.92
ZnO 0.16 0.04 0.09 0.08 0.10 0.09 0.04 0.17
CaO 0.12 0.12 0.12 0.13 0.12 0.09 0.10 0.11
Na2O 1.56 1.58 1.67 1.62 1.57 1.57 1.62 1.65
K2O 0.04 0.04 0.04 0.05 0.02 0.05 0.03 0.01
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.64 9.68 9.63 9.58 9.61 9.65 9.65 9.72
Total 92.22 92.14 91.97 91.11 91.50 91.68 91.96 92.25
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.916 6.902 6.869 6.900 6.920 6.872 6.904 6.852
Cr 0.002 0.003 0.001 0.007 0.000 0.009 0.000 0.000
Ti 0.023 0.026 0.023 0.023 0.022 0.024 0.023 0.025
Fe2+ 1.951 1.919 1.961 1.866 1.869 1.848 1.885 1.834
Mn2+ 0.031 0.031 0.034 0.022 0.031 0.036 0.023 0.026
Mg 0.416 0.402 0.389 0.444 0.457 0.489 0.493 0.512
Zn 0.021 0.006 0.012 0.011 0.013 0.012 0.005 0.022
Ca 0.024 0.022 0.023 0.025 0.022 0.018 0.019 0.022
Na 0.544 0.549 0.585 0.569 0.549 0.548 0.566 0.573
K 0.008 0.009 0.009 0.011 0.005 0.011 0.007 0.003
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 126 127 128 129 130 131 132 133
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.25 33.07 33.22 33.03 32.74 33.27 33.44 33.10
Al2O3 32.30 32.53 32.53 32.41 32.23 32.25 32.09 32.15
Cr2O3 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00
TiO2 0.18 0.19 0.19 0.22 0.15 0.18 0.17 0.19
FeO 11.77 12.46 12.29 12.39 12.71 12.70 12.63 13.09
MnO 0.17 0.12 0.15 0.20 0.20 0.17 0.24 0.24
MgO 1.80 1.77 1.76 1.66 1.65 1.63 1.47 1.41
ZnO 0.00 0.04 0.01 0.06 0.10 0.16 0.00 0.11
CaO 0.10 0.11 0.11 0.12 0.10 0.10 0.10 0.08
Na2O 1.55 1.58 1.61 1.64 1.54 1.59 1.59 1.64
K2O 0.05 0.06 0.05 0.03 0.05 0.05 0.04 0.02
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.63 9.58 9.62 9.57 9.48 9.64 9.69 9.59
Total 90.80 91.51 91.54 91.35 90.97 91.73 91.45 91.62
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.869 6.956 6.925 6.939 6.961 6.855 6.786 6.869
Cr 0.000 0.000 0.000 0.004 0.001 0.000 0.000 0.000
Ti 0.024 0.026 0.025 0.029 0.021 0.025 0.022 0.026
Fe2+ 1.776 1.891 1.856 1.882 1.948 1.915 1.895 1.984
Mn2+ 0.026 0.019 0.023 0.031 0.031 0.026 0.036 0.036
Mg 0.483 0.479 0.473 0.448 0.451 0.437 0.392 0.381
Zn 0.000 0.005 0.001 0.008 0.014 0.021 0.000 0.015
Ca 0.019 0.021 0.021 0.024 0.020 0.018 0.019 0.016
Na 0.544 0.555 0.565 0.579 0.548 0.556 0.555 0.575
K 0.012 0.014 0.012 0.007 0.012 0.012 0.009 0.005
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 135 136 137 138 139 140 141 142
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 32.89 33.10 32.67 33.15 33.06 33.03 33.24 33.38
Al2O3 31.79 32.32 31.92 32.13 32.25 32.08 32.06 32.21
Cr2O3 0.04 0.00 0.00 0.03 0.00 0.00 0.00 0.02
TiO2 0.21 0.18 0.20 0.17 0.18 0.18 0.17 0.15
FeO 12.96 12.91 12.96 13.19 13.45 13.49 13.68 13.81
MnO 0.27 0.30 0.20 0.23 0.31 0.27 0.25 0.24
MgO 1.40 1.30 1.22 1.27 1.21 1.18 1.03 0.99
ZnO 0.09 0.12 0.02 0.10 0.05 0.11 0.09 0.13
CaO 0.11 0.11 0.10 0.10 0.09 0.10 0.10 0.11
Na2O 1.62 1.56 1.70 1.49 1.72 1.40 1.47 1.45
K2O 0.04 0.04 0.04 0.03 0.04 0.04 0.03 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.53 9.59 9.46 9.60 9.58 9.57 9.63 9.67
Total 90.95 91.51 90.48 91.47 91.93 91.44 91.75 92.19
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.835 6.905 6.909 6.854 6.898 6.868 6.820 6.824
Cr 0.006 0.000 0.000 0.004 0.001 0.000 0.000 0.003
Ti 0.029 0.024 0.028 0.023 0.024 0.025 0.023 0.020
Fe2+ 1.977 1.957 1.991 1.997 2.041 2.049 2.065 2.076
Mn2+ 0.042 0.045 0.031 0.035 0.047 0.041 0.038 0.037
Mg 0.380 0.351 0.333 0.342 0.327 0.319 0.278 0.266
Zn 0.012 0.016 0.002 0.013 0.006 0.015 0.012 0.017
Ca 0.022 0.021 0.019 0.019 0.018 0.019 0.019 0.021
Na 0.573 0.548 0.606 0.522 0.606 0.493 0.516 0.504
K 0.009 0.008 0.009 0.006 0.009 0.009 0.006 0.008
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH10b BH10b BH10b BH10b BH10b BH10b BH10b BH10b
Number 143 144 145 146 147 148 149 150
Comment traverse traverse traverse traverse traverse traverse traverse traverse
SiO2 33.30 33.05 33.38 33.26 33.19 33.29 33.16 33.11
Al2O3 31.96 32.37 32.30 32.08 32.23 31.88 31.83 31.98
Cr2O3 0.08 0.00 0.02 0.00 0.02 0.00 0.00 0.04
TiO2 0.16 0.20 0.19 0.19 0.14 0.16 0.18 0.18
FeO 13.83 13.50 13.49 13.22 13.37 13.05 13.40 13.15
MnO 0.26 0.26 0.25 0.22 0.26 0.29 0.27 0.26
MgO 1.03 1.10 1.15 1.32 1.25 1.28 1.40 1.36
ZnO 0.07 0.13 0.18 0.10 0.11 0.11 0.12 0.14
CaO 0.08 0.08 0.08 0.10 0.10 0.11 0.09 0.09
Na2O 1.49 1.47 1.54 1.52 1.57 1.58 1.50 1.55
K2O 0.05 0.03 0.04 0.03 0.02 0.01 0.03 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.65 9.57 9.67 9.63 9.61 9.64 9.61 9.59
Total 91.96 91.77 92.28 91.66 91.88 91.40 91.60 91.50
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.787 6.926 6.843 6.821 6.867 6.772 6.788 6.830
Cr 0.011 0.000 0.003 0.000 0.002 0.000 0.000 0.005
Ti 0.021 0.027 0.026 0.026 0.020 0.022 0.025 0.025
Fe2+ 2.084 2.050 2.028 1.994 2.021 1.967 2.028 1.993
Mn2+ 0.039 0.041 0.038 0.033 0.040 0.045 0.042 0.041
Mg 0.277 0.299 0.308 0.354 0.337 0.345 0.378 0.368
Zn 0.010 0.018 0.024 0.013 0.015 0.014 0.016 0.019
Ca 0.016 0.016 0.016 0.019 0.018 0.020 0.017 0.018
Na 0.521 0.516 0.535 0.531 0.551 0.551 0.527 0.545
K 0.012 0.007 0.009 0.007 0.005 0.003 0.008 0.009
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
 
 114
 
Source rock tourmaline analyses       
         
Sample BH11 BH11 BH11 BH11 BH11 BH11 BH12 BH12
Number 54 55 56 57 58 59 114 115
Comment inner rim rim rim inner rim rim rim unzoned unzoned
SiO2 35.39 35.34 35.28 34.68 34.93 35.34 35.14 35.11
Al2O3 30.57 32.12 33.23 29.75 32.43 32.68 33.66 34.03
Cr2O3 0.09 0.07 0.05 0.09 0.06 0.10 0.04 0.02
TiO2 1.39 0.67 0.58 1.53 0.55 0.62 0.49 0.46
FeO 7.90 7.38 7.11 7.85 7.04 7.33 7.41 7.64
MnO 0.09 0.04 0.05 0.05 0.08 0.05 0.03 0.05
MgO 6.01 5.75 5.64 6.41 5.79 5.71 4.87 4.89
ZnO 0.06 0.02 0.03 0.03 0.07 0.06 0.00 0.00
CaO 0.44 0.38 0.32 1.52 0.39 0.39 0.34 0.30
Na2O 1.64 1.82 1.88 1.27 1.84 1.87 1.71 1.72
K2O 0.03 0.05 0.03 0.05 0.04 0.04 0.04 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.25 10.24 10.22 10.05 10.12 10.24 10.18 10.17
Total 93.86 93.87 94.42 93.28 93.33 94.42 93.91 94.43
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.108 6.427 6.661 6.066 6.565 6.539 6.774 6.854
Cr 0.012 0.009 0.007 0.013 0.008 0.013 0.005 0.002
Ti 0.177 0.086 0.074 0.199 0.071 0.079 0.063 0.059
Fe2+ 1.120 1.048 1.011 1.136 1.011 1.041 1.058 1.092
Mn2+ 0.013 0.005 0.007 0.007 0.011 0.007 0.004 0.007
Mg 1.519 1.455 1.430 1.653 1.483 1.445 1.240 1.246
Zn 0.007 0.002 0.004 0.003 0.008 0.008 0.000 0.000
Ca 0.080 0.069 0.058 0.282 0.072 0.071 0.062 0.055
Na 0.539 0.599 0.620 0.426 0.613 0.616 0.566 0.570
K 0.006 0.011 0.007 0.012 0.009 0.008 0.009 0.009
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH12 BH14 BH14 BH14 BH15b BH15b BH15b BH15b
Number 116 117 118 119 24 25 26 27
Comment unzoned unzoned unzoned unzoned core inner rim rim core
SiO2 35.25 35.39 35.54 35.15 35.74 35.36 34.90 35.38
Al2O3 33.43 32.23 31.85 32.90 31.10 30.01 32.26 32.15
Cr2O3 0.03 0.01 0.01 0.01 0.10 0.04 0.15 0.00
TiO2 0.75 0.14 0.23 0.96 0.54 1.05 0.64 0.40
FeO 7.72 6.77 6.95 6.64 6.62 8.12 6.95 6.20
MnO 0.06 0.04 0.05 0.05 0.02 0.02 0.02 0.07
MgO 5.15 6.27 6.41 6.33 6.80 6.04 5.80 6.25
ZnO 0.03 0.00 0.04 0.04 0.02 0.04 0.01 0.00
CaO 0.36 0.56 0.63 0.91 0.59 0.57 0.64 0.41
Na2O 1.80 1.73 1.74 1.64 1.80 1.65 1.64 1.75
K2O 0.03 0.04 0.04 0.04 0.02 0.05 0.01 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.21 10.25 10.30 10.18 10.35 10.24 10.11 10.25
Total 94.82 93.43 93.78 94.86 93.71 93.19 93.13 92.89
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.706 6.440 6.337 6.619 6.153 6.002 6.537 6.426
Cr 0.004 0.001 0.002 0.002 0.014 0.005 0.020 0.000
Ti 0.096 0.018 0.029 0.123 0.068 0.134 0.083 0.051
Fe2+ 1.099 0.960 0.981 0.948 0.929 1.152 0.999 0.879
Mn2+ 0.009 0.006 0.007 0.008 0.002 0.003 0.003 0.010
Mg 1.307 1.585 1.613 1.611 1.702 1.528 1.487 1.580
Zn 0.003 0.000 0.005 0.005 0.003 0.005 0.001 0.000
Ca 0.065 0.102 0.114 0.167 0.106 0.104 0.118 0.075
Na 0.594 0.569 0.570 0.543 0.586 0.543 0.547 0.575
K 0.007 0.009 0.008 0.009 0.005 0.010 0.003 0.007
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH15b BH15b BH15b BH15b BH15b BH15b BH15b BH15b
Number 28 29 30 31 33 34 35 36
Comment rim core inner rim rim inner rim rim rim core
SiO2 34.21 34.93 35.10 34.85 35.43 34.23 33.96 34.91
Al2O3 31.91 32.08 30.00 31.85 29.00 31.82 31.31 32.47
Cr2O3 0.04 0.05 0.03 0.07 0.02 0.06 0.10 0.04
TiO2 0.68 0.65 1.31 0.72 0.86 0.71 0.62 0.44
FeO 7.00 5.90 8.55 7.07 9.00 6.96 7.46 6.09
MnO 0.02 0.00 0.02 0.01 0.01 0.02 0.01 0.01
MgO 5.83 6.51 5.80 6.06 6.08 5.89 5.97 6.10
ZnO 0.03 0.00 0.03 0.03 0.01 0.00 0.04 0.04
CaO 0.65 0.53 0.20 0.65 0.41 0.67 0.75 0.43
Na2O 1.67 1.80 1.76 1.70 1.97 1.62 1.65 1.67
K2O 0.04 0.02 0.04 0.04 0.02 0.04 0.01 0.02
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.91 10.12 10.17 10.10 10.26 9.92 9.84 10.11
Total 91.99 92.58 93.01 93.14 93.07 91.94 91.71 92.34
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.596 6.495 6.044 6.463 5.788 6.574 6.520 6.577
Cr 0.006 0.007 0.004 0.010 0.003 0.008 0.014 0.005
Ti 0.090 0.084 0.168 0.093 0.110 0.094 0.083 0.057
Fe2+ 1.027 0.848 1.222 1.018 1.275 1.020 1.102 0.875
Mn2+ 0.002 0.000 0.003 0.002 0.001 0.003 0.001 0.002
Mg 1.524 1.667 1.478 1.555 1.535 1.539 1.572 1.563
Zn 0.004 0.000 0.004 0.004 0.001 0.000 0.005 0.006
Ca 0.122 0.098 0.037 0.120 0.074 0.126 0.142 0.079
Na 0.568 0.600 0.583 0.568 0.647 0.551 0.565 0.557
K 0.009 0.003 0.009 0.009 0.004 0.009 0.002 0.005
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH15b BH15b BH15b BH15b BH15b BH15b BH17 BH17
Number 37 38 39 40 41 42 61 62
Comment inner rim core rim inner rim inner rim rim cir1 cir1
SiO2 34.78 34.14 33.52 35.06 34.86 34.34 35.08 34.93
Al2O3 29.71 32.48 30.60 29.39 29.07 30.98 33.57 33.70
Cr2O3 0.06 0.09 0.13 0.03 0.06 0.08 0.00 0.00
TiO2 1.42 0.35 0.61 1.44 1.71 0.54 0.49 0.26
FeO 7.82 6.93 7.47 8.50 8.51 7.18 10.57 9.99
MnO 0.02 0.02 0.04 0.01 0.02 0.04 0.14 0.08
MgO 6.02 5.60 5.67 5.79 5.83 5.97 3.50 3.90
ZnO 0.02 0.02 0.04 0.00 0.00 0.03 0.10 0.02
CaO 0.28 0.73 0.75 0.28 0.39 0.64 0.19 0.22
Na2O 1.65 1.53 1.65 1.71 1.62 1.68 1.85 1.95
K2O 0.04 0.06 0.03 0.03 0.05 0.05 0.05 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.08 9.89 9.71 10.16 10.10 9.95 10.16 10.12
Total 91.89 91.84 90.22 92.40 92.21 91.47 95.70 95.20
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.041 6.728 6.455 5.928 5.897 6.380 6.767 6.822
Cr 0.008 0.013 0.018 0.004 0.008 0.011 0.000 0.000
Ti 0.184 0.046 0.082 0.185 0.221 0.071 0.063 0.033
Fe2+ 1.128 1.019 1.118 1.217 1.225 1.049 1.512 1.435
Mn2+ 0.003 0.003 0.006 0.002 0.003 0.005 0.020 0.012
Mg 1.548 1.467 1.513 1.477 1.496 1.555 0.892 0.999
Zn 0.003 0.003 0.005 0.000 0.000 0.004 0.012 0.002
Ca 0.051 0.138 0.144 0.050 0.072 0.120 0.034 0.041
Na 0.552 0.521 0.573 0.567 0.541 0.569 0.614 0.649
K 0.008 0.012 0.007 0.007 0.011 0.010 0.011 0.008
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH17 BH17 BH17 BH17 BH17 BH17 BH18a BH18a
Number 63 64 65 66 67 68 46 47
Comment cir1 cir2 cir2 cir2 cir2 cir2 unzoned unzoned
SiO2 34.89 35.04 35.23 34.95 35.11 35.27 35.00 35.13
Al2O3 33.86 33.72 33.91 33.27 34.19 33.07 32.85 33.05
Cr2O3 0.04 0.00 0.03 0.02 0.04 0.00 0.04 0.07
TiO2 0.18 0.56 0.30 0.53 0.54 0.62 0.65 0.64
FeO 11.02 8.10 9.99 10.08 7.87 7.63 6.44 6.34
MnO 0.11 0.06 0.13 0.08 0.04 0.03 0.06 0.06
MgO 3.11 5.16 3.36 3.85 5.28 5.11 5.72 5.69
ZnO 0.09 0.04 0.05 0.05 0.01 0.04 0.00 0.02
CaO 0.21 0.42 0.20 0.26 0.45 0.41 0.42 0.41
Na2O 1.88 1.92 1.89 1.96 1.87 1.90 1.74 1.83
K2O 0.04 0.07 0.05 0.07 0.05 0.05 0.04 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.11 10.15 10.21 10.12 10.17 10.22 10.14 10.18
Total 95.54 95.24 95.35 95.25 95.62 94.35 93.09 93.46
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.863 6.805 6.807 6.732 6.886 6.630 6.637 6.653
Cr 0.005 0.000 0.004 0.003 0.005 0.000 0.006 0.010
Ti 0.023 0.072 0.039 0.068 0.069 0.080 0.084 0.082
Fe2+ 1.585 1.160 1.423 1.447 1.125 1.086 0.923 0.906
Mn2+ 0.017 0.009 0.019 0.011 0.006 0.005 0.009 0.009
Mg 0.797 1.317 0.853 0.985 1.345 1.296 1.462 1.449
Zn 0.011 0.005 0.006 0.006 0.002 0.004 0.000 0.003
Ca 0.039 0.077 0.036 0.048 0.082 0.075 0.077 0.076
Na 0.627 0.637 0.624 0.652 0.620 0.627 0.578 0.606
K 0.009 0.015 0.011 0.016 0.012 0.011 0.008 0.009
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample BH18a BH18b BH18b BH18b DVEG DVEG DVEG DVEG
Number 48 96 97 100 13 14 17 18
Comment unzoned unzoned unzoned unzoned cir2 cir2 cir2 cir2
SiO2 34.69 34.97 35.09 34.90 34.26 33.80 33.92 33.69
Al2O3 32.93 33.83 33.87 33.50 31.44 32.29 32.37 31.99
Cr2O3 0.09 0.03 0.04 0.04 0.02 0.00 0.02 0.02
TiO2 0.63 0.62 0.61 0.46 0.73 0.07 0.52 0.71
FeO 6.49 7.52 8.06 7.92 10.95 13.45 13.54 12.62
MnO 0.04 0.04 0.02 0.12 0.08 0.13 0.12 0.14
MgO 5.82 5.00 4.69 4.87 3.70 1.44 1.63 2.07
ZnO 0.00 0.02 0.02 0.03 0.18 0.30 0.27 0.19
CaO 0.43 0.32 0.36 0.38 0.07 0.05 0.06 0.08
Na2O 1.82 1.71 1.64 1.89 2.10 1.81 1.95 1.84
K2O 0.05 0.03 0.04 0.05 0.05 0.04 0.05 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.05 10.13 10.16 10.11 9.92 9.79 9.83 9.76
Total 93.05 94.22 94.61 94.26 93.51 93.18 94.27 93.16
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.713 6.841 6.826 6.788 6.489 6.756 6.748 6.715
Cr 0.013 0.005 0.006 0.006 0.003 0.000 0.003 0.003
Ti 0.082 0.080 0.078 0.060 0.097 0.010 0.069 0.095
Fe2+ 0.939 1.079 1.153 1.139 1.604 1.997 2.003 1.880
Mn2+ 0.006 0.005 0.003 0.018 0.011 0.020 0.018 0.021
Mg 1.501 1.279 1.196 1.248 0.966 0.381 0.430 0.550
Zn 0.000 0.002 0.002 0.003 0.024 0.039 0.035 0.025
Ca 0.080 0.059 0.067 0.069 0.014 0.010 0.011 0.015
Na 0.610 0.569 0.544 0.630 0.713 0.623 0.669 0.635
K 0.011 0.006 0.008 0.010 0.010 0.010 0.011 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Source rock tourmaline analyses       
         
Sample DVEG DVEG DVEG DVEG    
Number 19 20 21 22     
Comment cir2 cir2 cir3 cir1     
SiO2 35.69 35.56 33.96 35.50     
Al2O3 34.17 34.47 32.07 34.10     
Cr2O3 0.00 0.00 0.00 0.00     
TiO2 0.05 0.11 0.06 0.11     
FeO 8.87 8.88 13.72 9.25     
MnO 0.05 0.05 0.19 0.10     
MgO 0.87 0.93 1.44 0.92     
ZnO 0.26 0.23 0.24 0.26     
CaO 0.03 0.02 0.05 0.03     
Na2O 2.31 2.30 1.80 2.27     
K2O 0.03 0.03 0.05 0.03     
F 0.00 0.00 0.00 0.00     
B2O3* 10.34 10.30 9.84 10.28     
Total 92.66 92.87 93.42 92.85     
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000     
Al 6.770 6.855 6.678 6.793     
Cr 0.000 0.000 0.000 0.000     
Ti 0.006 0.014 0.008 0.014     
Fe2+ 1.247 1.253 2.027 1.307     
Mn2+ 0.007 0.007 0.028 0.014     
Mg 0.219 0.233 0.379 0.232     
Zn 0.032 0.029 0.031 0.032     
Ca 0.005 0.003 0.010 0.005     
Na 0.753 0.752 0.617 0.744     
K 0.006 0.006 0.011 0.006     
F 0.000 0.000 0.000 0.000     
B 3.000 3.000 3.000 3.000     
         
* Calculated on the basis of 3 B atoms per formula unit    
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Literature tourmaline data       
         
Sample C-11 B7C B2 B3 E1a2 C-1 B7a B7b
Number 1A 1B 2 TYPE 3 TYPE TYPE 3 TYPE 3 TYPE 3
Comment country rx country rx bord zone wall zone wall zone wall zone wall zone wall zone
SiO2 35.61 34.80 36.28 35.40 35.68 35.26 35.66 36.32
Al2O3 31.60 31.44 35.91 33.58 34.40 34.14 34.70 34.85
Cr2O3         
TiO2 0.93 0.65 0.12 0.05 0.05 0.03 0.00 0.08
FeO 9.88 8.55 6.21 11.71 11.58 10.71 9.64 9.14
MnO 0.13 0.11 0.33 0.26 0.25 0.30 0.30 0.18
MgO 2.76 1.95 0.84 0.08 0.07 0.03 0.02 0.03
ZnO 0.10 0.44 0.34 0.70 0.75 0.90 0.85 0.84
CaO 0.05 0.03 0.11 0.04 0.05 0.04 0.05 0.04
Na2O 2.34 2.32 2.53 1.91 1.75 2.13 2.04 2.34
K2O 0.04 0.02 0.11 0.02 0.04 0.01 0.02 0.02
F 1.12 1.26 1.39 0.81 0.91 0.93 1.08 1.05
B2O3* 10.32 10.08 10.51 10.25 10.34 10.21 10.33 10.52
Total 95.55 92.12 95.64 95.22 96.37 95.30 95.40 96.06
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.275 6.389 6.999 6.708 6.818 6.847 6.881 6.785
Cr         
Ti 0.118 0.084 0.015 0.006 0.006 0.004 0.000 0.010
Fe2+ 1.392 1.233 0.859 1.660 1.629 1.524 1.356 1.263
Mn2+ 0.019 0.016 0.046 0.037 0.036 0.043 0.043 0.025
Mg 0.693 0.501 0.207 0.020 0.018 0.008 0.005 0.007
Zn 0.012 0.056 0.042 0.088 0.093 0.113 0.106 0.103
Ca 0.009 0.006 0.020 0.007 0.009 0.007 0.009 0.007
Na 0.764 0.776 0.811 0.628 0.571 0.703 0.666 0.750
K 0.009 0.004 0.023 0.004 0.009 0.002 0.004 0.004
F 0.597 0.687 0.727 0.434 0.484 0.501 0.575 0.549
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Literature tourmaline data       
         
Sample B6b B6c B6a C-4a C-4b D1 B7 E2
Number TYPE 3 TYPE 3 TYPE TYPE 3 TYPE 3 TYPE 3 TYPE 6 CORE
Comment wall zone wall zone wall zone wall zone wall zone wall zone wall zone wall zone
SiO2 36.38 36.43 36.45 36.43 36.70 36.09 37.35 34.73
Al2O3 35.33 35.36 36.86 35.40 35.97 36.25 36.46 33.87
Cr2O3         
TiO2 0.00 0.00 0.09 0.00 0.00 0.00 0.05 0.18
FeO 6.79 6.67 6.21 6.11 6.50 5.85 5.69 9.36
MnO 0.30 0.43 0.47 0.51 0.34 0.66 0.30 0.15
MgO 0.01 0.01 0.00 0.01 0.01 0.01 0.03 0.00
ZnO 1.27 1.35 1.72 1.57 1.63 1.69 0.76 0.75
CaO 0.06 0.06 0.05 0.07 0.09 0.09 0.13 0.06
Na2O 2.44 2.45 2.08 2.48 2.38 2.29 2.40 2.06
K2O 0.02 0.03 0.00 0.01 0.03 0.02 0.02 0.03
F 1.37 1.43 1.42 1.41 1.36 1.37 1.48 1.42
B2O3* 10.54 10.55 10.56 10.55 10.63 10.45 10.82 10.06
Total 95.59 95.90 96.96 95.68 96.82 95.90 96.97 93.35
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.867 6.864 7.151 6.872 6.931 7.103 6.903 6.896
Cr         
Ti 0.000 0.000 0.011 0.000 0.000 0.000 0.006 0.023
Fe2+ 0.937 0.919 0.855 0.842 0.889 0.813 0.764 1.352
Mn2+ 0.042 0.060 0.066 0.071 0.047 0.093 0.041 0.022
Mg 0.003 0.003 0.000 0.003 0.002 0.003 0.007 0.000
Zn 0.155 0.164 0.209 0.191 0.197 0.207 0.090 0.096
Ca 0.011 0.011 0.009 0.012 0.016 0.016 0.022 0.011
Na 0.780 0.782 0.664 0.792 0.754 0.738 0.748 0.690
K 0.004 0.006 0.000 0.002 0.006 0.004 0.004 0.007
F 0.715 0.745 0.739 0.734 0.703 0.720 0.752 0.776
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Literature tourmaline data       
         
Sample E2 F5 F5 F1 E1b B15 G-6b G4c
Number RIM CORE RIM TYPE 5 TYPE 4 TYPE 4 TYPE 7 TYPE 7
Comment wall zone wall zone wall zone wall zone wall zone wall zone int zone int zone
SiO2 36.33 37.53 38.91 35.90 36.66 36.50 36.88 36.47
Al2O3 36.95 35.16 39.29 36.07 36.19 36.42 35.45 36.35
Cr2O3         
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
FeO 4.48 6.27 2.14 5.07 4.84 4.30 5.61 8.25
MnO 0.33 0.34 0.49 0.51 0.74 0.84 0.75 0.37
MgO 0.00 0.00 0.00 0.06 0.01 0.00 0.05 0.06
ZnO 0.44 0.39 0.38 0.34 1.57 1.41 0.48 1.08
CaO 0.18 0.06 0.63 0.13 0.11 0.14 0.04 0.04
Na2O 2.42 2.45 1.97 2.60 2.33 2.26 2.85 2.35
K2O 0.02 0.00 0.00 0.02 0.04 0.06 0.00 0.00
F 1.42 1.39 1.39 1.27 1.42 1.42 1.42 1.33
B2O3* 10.52 10.87 11.27 10.40 10.62 10.57 10.68 10.56
Total 94.46 95.67 98.27 93.83 96.08 95.50 95.62 97.99
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 7.192 6.625 7.141 7.105 6.981 7.056 6.797 7.048
Cr         
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005
Fe2+ 0.619 0.838 0.276 0.709 0.663 0.591 0.763 1.135
Mn2+ 0.046 0.046 0.064 0.072 0.103 0.117 0.103 0.052
Mg 0.000 0.000 0.000 0.015 0.002 0.000 0.012 0.015
Zn 0.054 0.046 0.043 0.042 0.190 0.171 0.058 0.131
Ca 0.032 0.010 0.104 0.023 0.019 0.025 0.007 0.007
Na 0.775 0.759 0.589 0.843 0.739 0.720 0.899 0.750
K 0.004 0.000 0.000 0.004 0.008 0.013 0.000 0.000
F 0.742 0.703 0.678 0.671 0.735 0.738 0.731 0.692
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Literature tourmaline data       
         
Sample B11 B5b B8 D-1 S1 e2 e3 e14
Number TYPE 8 TYPE 8 TYPE 8 TYPE 9 TYPE 10 1 1 1
Comment int zone int zone int zone core core etta etta etta
SiO2 36.67 36.46 36.45 37.14 37.95 35.71 35.61 35.80
Al2O3 35.95 35.70 36.25 38.03 39.52 33.34 33.35 33.74
Cr2O3         
TiO2 0.27 0.19 0.18 0.10 0.00 0.79 1.06 0.77
FeO 4.37 4.04 4.21 0.92 0.02 8.57 8.85 7.64
MnO 0.49 0.52 0.79 1.64 1.08 0.10 0.03 0.03
MgO 0.27 0.41 0.37 0.00 0.00 6.82 6.95 6.43
ZnO 0.07 0.18 0.21 1.09 0.18    
CaO 0.14 0.18 0.14 0.27 0.59 0.41 0.45 0.32
Na2O 2.40 2.63 2.43 2.05 1.70 2.19 2.10 2.11
K2O 0.03 0.04 0.04 0.14 0.03 0.02 0.04 0.04
F 1.44 1.49 1.46 1.29 0.98    
B2O3* 10.62 10.56 10.56 10.76 10.99 10.34 10.32 10.37
Total 94.25 93.96 94.53 95.10 94.87 98.29 98.76 97.25
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.933 6.924 7.033 7.241 7.364 6.602 6.623 6.665
Cr         
Ti 0.033 0.024 0.022 0.012 0.000 0.100 0.134 0.097
Fe2+ 0.598 0.556 0.580 0.124 0.003 1.204 1.247 1.071
Mn2+ 0.068 0.073 0.110 0.224 0.145 0.014 0.004 0.004
Mg 0.066 0.101 0.091 0.000 0.000 1.708 1.746 1.607
Zn 0.009 0.022 0.026 0.130 0.021    
Ca 0.025 0.032 0.025 0.047 0.100 0.074 0.081 0.058
Na 0.761 0.839 0.776 0.642 0.521 0.713 0.686 0.686
K 0.006 0.008 0.008 0.029 0.006 0.004 0.009 0.009
F 0.745 0.776 0.760 0.659 0.490    
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Literature tourmaline data       
         
Sample b11 b11 b12 b12     
Number 1 2 1 2     
Comment B.I. B.I. B.I. B.I.     
SiO2 34.06 35.29 35.16 34.79     
Al2O3 32.34 32.41 32.04 33.34     
Cr2O3         
TiO2 0.69 0.59 1.35 0.88     
FeO 11.45 9.33 10.60 8.94     
MnO 0.17 0.05 0.09 0.07     
MgO 3.89 5.21 5.30 5.63     
ZnO         
CaO 0.04 0.18 0.09 0.89     
Na2O 2.44 2.18 2.27 1.84     
K2O 0.00 0.00 0.00 0.00     
F         
B2O3* 9.87 10.22 10.19 10.08     
Total 94.95 95.46 97.09 96.46     
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000     
Al 6.714 6.494 6.444 6.777     
Cr         
Ti 0.091 0.075 0.173 0.114     
Fe2+ 1.687 1.327 1.513 1.289     
Mn2+ 0.025 0.007 0.013 0.010     
Mg 1.022 1.321 1.348 1.448     
Zn         
Ca 0.008 0.033 0.017 0.165     
Na 0.833 0.719 0.751 0.615     
K 0.000 0.000 0.000 0.000     
F         
B 3.000 3.000 3.000 3.000     
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a
Number 3 4 5 15 17 18 19 20
Comment v. coarse v. coarse v. coarse v. coarse v. coarse v. coarse v. coarse v. coarse
SiO2 35.39 35.51 34.81 34.21 36.63 36.70 35.25 35.40
Al2O3 32.74 33.05 33.52 33.46 31.19 30.32 33.44 33.76
Cr2O3 0.01 0.01 0.01 0.00 0.05 0.00 0.02 0.00
TiO2 0.42 0.27 0.06 0.26 0.67 0.59 0.31 0.09
FeO 9.42 9.13 12.39 11.98 5.97 5.77 11.92 11.21
MnO 0.09 0.02 0.18 0.15 0.02 0.00 0.21 0.17
MgO 4.37 4.29 1.55 2.04 7.62 8.58 2.37 2.61
ZnO 0.11 0.13 0.07 0.19 0.04 0.07 0.13 0.11
CaO 0.20 0.18 0.07 0.11 0.29 0.42 0.17 0.13
Na2O 1.99 1.89 1.52 1.82 2.18 2.32 1.75 1.78
K2O 0.06 0.04 0.07 0.09 0.06 0.06 0.05 0.05
F 0.11 0.11 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.25 10.29 10.08 9.91 10.61 10.63 10.21 10.25
Total 95.14 94.91 94.33 94.22 95.33 95.46 95.83 95.57
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.542 6.582 6.809 6.916 6.021 5.842 6.708 6.744
Cr 0.002 0.001 0.001 0.001 0.007 0.000 0.003 0.000
Ti 0.053 0.034 0.008 0.035 0.083 0.073 0.040 0.011
Fe2+ 1.336 1.290 1.786 1.757 0.818 0.789 1.697 1.589
Mn2+ 0.012 0.003 0.027 0.023 0.003 0.000 0.031 0.024
Mg 1.105 1.081 0.399 0.534 1.861 2.091 0.601 0.660
Zn 0.014 0.016 0.009 0.024 0.004 0.009 0.017 0.014
Ca 0.036 0.033 0.012 0.021 0.051 0.073 0.031 0.023
Na 0.653 0.619 0.508 0.617 0.692 0.735 0.576 0.586
K 0.012 0.008 0.015 0.019 0.012 0.012 0.010 0.012
F 0.058 0.058 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a
Number 22 23 41 42 44 45 46 47
Comment v. coarse v. coarse coarse coarse coarse coarse coarse coarse
SiO2 35.47 34.79 34.57 34.65 35.54 35.52 33.98 35.00
Al2O3 33.42 33.41 33.08 33.01 29.43 33.06 33.70 33.11
Cr2O3 0.00 0.01 0.01 0.00 0.02 0.06 0.00 0.00
TiO2 0.20 0.07 0.26 0.27 0.75 0.78 0.18 0.47
FeO 11.00 12.40 12.50 11.95 10.25 6.58 13.52 10.38
MnO 0.13 0.14 0.20 0.09 0.02 0.02 0.23 0.11
MgO 2.90 2.11 1.83 2.56 5.74 6.38 0.62 3.61
ZnO 0.09 0.11 0.16 0.09 0.02 0.04 0.19 0.11
CaO 0.13 0.14 0.10 0.14 0.40 0.47 0.08 0.16
Na2O 1.76 1.73 1.67 1.77 1.91 1.86 1.74 1.86
K2O 0.04 0.05 0.04 0.04 0.03 0.02 0.03 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.08
B2O3* 10.28 10.08 10.01 10.04 10.30 10.29 9.84 10.14
Total 95.41 95.03 94.43 94.61 94.40 95.07 94.20 95.08
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.663 6.791 6.767 6.737 5.856 6.582 7.013 6.690
Cr 0.000 0.001 0.002 0.001 0.003 0.008 0.000 0.000
Ti 0.025 0.009 0.034 0.035 0.095 0.099 0.024 0.061
Fe2+ 1.556 1.788 1.814 1.731 1.447 0.930 1.997 1.488
Mn2+ 0.019 0.020 0.029 0.014 0.002 0.003 0.034 0.016
Mg 0.731 0.543 0.474 0.661 1.445 1.607 0.163 0.923
Zn 0.011 0.014 0.020 0.012 0.003 0.004 0.025 0.014
Ca 0.024 0.026 0.019 0.025 0.072 0.085 0.015 0.029
Na 0.577 0.579 0.562 0.594 0.625 0.609 0.596 0.618
K 0.009 0.011 0.009 0.009 0.006 0.004 0.007 0.010
F 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.045
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhfc4 bhfc4 bhfc4
Number 48 49 50 51 52 50 51 52
Comment coarse coarse coarse coarse coarse v. fine v. fine v. fine
SiO2 36.48 34.86 35.69 35.06 39.29 35.09 34.28 34.23
Al2O3 31.90 33.34 32.93 29.89 35.38 33.08 32.86 33.16
Cr2O3 0.13 0.00 0.03 0.00 0.07 0.05 0.02 0.00
TiO2 0.61 0.14 0.64 0.17 0.61 0.81 0.12 0.48
FeO 5.67 13.55 7.70 10.85 7.07 8.10 12.49 9.45
MnO 0.02 0.36 0.00 0.03 0.02 0.00 0.16 0.05
MgO 7.80 0.82 5.97 5.19 7.12 5.15 2.05 3.89
ZnO 0.04 0.18 0.02 0.02 0.04 0.00 0.11 0.09
CaO 0.85 0.07 0.51 0.02 0.47 0.37 0.10 0.14
Na2O 1.89 1.51 1.82 2.24 2.29 1.71 1.64 1.89
K2O 0.04 0.04 0.01 0.03 0.02 0.03 0.04 0.06
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.57 10.10 10.34 10.16 11.38 10.16 9.93 9.92
Total 96.00 94.98 95.67 93.66 103.77 94.55 93.79 93.35
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.184 6.763 6.525 6.029 6.368 6.666 6.779 6.850
Cr 0.017 0.000 0.004 0.000 0.008 0.006 0.003 0.000
Ti 0.075 0.018 0.081 0.021 0.071 0.105 0.016 0.063
Fe2+ 0.780 1.950 1.083 1.553 0.903 1.158 1.828 1.385
Mn2+ 0.003 0.053 0.000 0.005 0.003 0.000 0.024 0.007
Mg 1.913 0.211 1.496 1.324 1.621 1.313 0.535 1.017
Zn 0.005 0.023 0.003 0.003 0.005 0.000 0.014 0.012
Ca 0.150 0.014 0.092 0.004 0.077 0.067 0.018 0.027
Na 0.603 0.504 0.593 0.743 0.678 0.567 0.557 0.642
K 0.008 0.009 0.003 0.006 0.005 0.006 0.008 0.013
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4
Number 53 55 56 57 59 60 61 62
Comment v. fine v. fine v. fine v. fine v. fine v. fine v. fine v. fine
SiO2 35.37 35.86 35.34 35.17 35.16 35.38 35.17 35.44
Al2O3 32.80 32.80 32.68 32.75 34.52 32.94 34.15 32.88
Cr2O3 0.00 0.12 0.00 0.12 0.05 0.05 0.04 0.10
TiO2 0.66 0.90 0.45 1.01 0.20 0.34 0.31 0.73
FeO 7.71 6.47 7.75 6.43 7.93 5.98 5.95 5.90
MnO 0.02 0.02 0.08 0.05 0.07 0.03 0.04 0.01
MgO 5.75 6.53 5.52 6.59 4.69 6.49 6.17 6.61
ZnO 0.10 0.00 0.01 0.01 0.02 0.01 0.03 0.00
CaO 0.40 0.72 0.33 1.51 0.08 1.43 1.21 0.57
Na2O 1.94 1.76 1.91 1.27 1.72 1.15 1.33 1.74
K2O 0.04 0.05 0.05 0.07 0.04 0.02 0.04 0.04
F 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.25 10.39 10.24 10.19 10.19 10.25 10.19 10.27
Total 95.09 95.61 94.37 95.16 94.66 94.06 94.62 94.28
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.558 6.468 6.539 6.585 6.943 6.584 6.866 6.561
Cr 0.001 0.016 0.000 0.016 0.007 0.006 0.005 0.013
Ti 0.085 0.113 0.057 0.130 0.025 0.043 0.040 0.093
Fe2+ 1.094 0.905 1.100 0.917 1.132 0.848 0.849 0.835
Mn2+ 0.003 0.002 0.012 0.007 0.010 0.004 0.006 0.002
Mg 1.454 1.629 1.397 1.676 1.193 1.641 1.569 1.668
Zn 0.012 0.000 0.002 0.001 0.003 0.002 0.003 0.000
Ca 0.072 0.130 0.061 0.276 0.014 0.260 0.221 0.103
Na 0.638 0.571 0.629 0.420 0.569 0.378 0.440 0.571
K 0.008 0.010 0.011 0.015 0.008 0.004 0.008 0.009
F 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4
Number 65 66 67 68 69 70 71 72
Comment v. fine v. fine v. fine v. fine v. fine v. fine v. fine v. fine
SiO2 35.64 36.31 35.30 35.43 35.02 35.97 36.38 35.36
Al2O3 31.00 33.10 32.57 30.86 33.75 33.07 32.85 31.08
Cr2O3 0.00 0.08 0.11 0.05 0.11 0.00 0.15 0.01
TiO2 0.73 0.41 0.64 0.46 0.85 0.36 0.42 0.65
FeO 10.59 3.93 8.28 10.46 9.26 5.18 4.74 9.63
MnO 0.10 0.06 0.07 0.09 0.11 0.08 0.11 0.12
MgO 4.43 7.85 5.29 4.58 3.66 6.97 7.73 5.13
ZnO 0.09 0.00 0.03 0.05 0.06 0.04 0.02 0.06
CaO 0.16 0.30 0.26 0.16 0.15 0.18 0.36 0.15
Na2O 1.92 2.09 2.01 2.04 1.78 2.05 2.22 2.13
K2O 0.02 0.03 0.04 0.03 0.02 0.03 0.05 0.04
F 0.11 0.26 0.24 0.10 0.00 0.10 0.36 0.08
B2O3* 10.32 10.52 10.23 10.26 10.14 10.42 10.54 10.24
Total 95.12 94.93 95.08 94.57 94.91 94.44 95.92 94.67
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.151 6.446 6.525 6.159 6.815 6.501 6.385 6.216
Cr 0.000 0.011 0.015 0.006 0.015 0.000 0.020 0.001
Ti 0.092 0.051 0.082 0.058 0.110 0.045 0.052 0.083
Fe2+ 1.491 0.543 1.177 1.481 1.327 0.723 0.654 1.367
Mn2+ 0.014 0.008 0.011 0.013 0.017 0.011 0.015 0.017
Mg 1.112 1.934 1.340 1.156 0.935 1.733 1.901 1.298
Zn 0.011 0.000 0.004 0.006 0.007 0.004 0.003 0.008
Ca 0.030 0.053 0.047 0.029 0.027 0.032 0.063 0.026
Na 0.627 0.670 0.662 0.670 0.591 0.663 0.710 0.701
K 0.005 0.006 0.009 0.006 0.004 0.006 0.010 0.008
F 0.059 0.134 0.130 0.055 0.000 0.054 0.187 0.041
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4
Number 73 74 75 76 77 81 91 92
Comment v. fine v. fine v. fine v. fine v. fine v. fine fine fine
SiO2 36.22 36.73 36.27 36.18 36.67 35.21 35.68 35.78
Al2O3 33.03 32.29 32.43 33.82 31.63 33.15 33.00 32.88
Cr2O3 0.02 0.03 0.08 0.06 0.09 0.05 0.03 0.01
TiO2 0.50 0.32 0.95 0.68 0.46 0.52 0.47 0.44
FeO 6.98 8.68 7.79 4.57 8.25 6.44 8.89 8.90
MnO 0.02 0.06 0.02 0.03 0.06 0.02 0.09 0.06
MgO 5.85 5.63 5.48 7.55 6.87 6.15 4.68 4.73
ZnO 0.00 0.02 0.02 0.00 0.00 0.00 0.09 0.06
CaO 0.32 0.05 0.11 1.11 0.66 1.17 0.24 0.23
Na2O 1.89 2.11 1.79 1.72 1.98 1.26 1.84 1.83
K2O 0.05 0.01 0.01 0.06 0.02 0.02 0.05 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.49 10.64 10.51 10.48 10.62 10.20 10.34 10.36
Total 95.37 96.56 95.45 96.27 97.32 94.18 95.39 95.34
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.449 6.217 6.323 6.610 6.100 6.658 6.540 6.498
Cr 0.003 0.003 0.011 0.008 0.012 0.006 0.004 0.002
Ti 0.062 0.040 0.118 0.085 0.057 0.066 0.059 0.055
Fe2+ 0.967 1.186 1.078 0.634 1.129 0.918 1.250 1.248
Mn2+ 0.003 0.008 0.002 0.005 0.009 0.003 0.013 0.008
Mg 1.445 1.371 1.351 1.867 1.676 1.562 1.173 1.182
Zn 0.000 0.002 0.002 0.000 0.000 0.000 0.011 0.008
Ca 0.057 0.008 0.020 0.197 0.116 0.214 0.043 0.041
Na 0.607 0.668 0.574 0.553 0.628 0.416 0.600 0.595
K 0.011 0.001 0.002 0.013 0.005 0.004 0.011 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4
Number 94 95 97 98 99 100 101 102
Comment fine fine fine fine fine fine fine fine
SiO2 34.34 34.37 35.93 35.35 35.50 34.92 34.85 35.05
Al2O3 32.06 32.11 30.91 32.55 32.45 33.55 33.02 33.83
Cr2O3 0.05 0.06 0.02 0.01 0.03 0.00 0.10 0.05
TiO2 1.12 1.01 0.49 0.62 0.53 0.18 0.80 0.26
FeO 7.74 7.50 8.35 8.82 7.73 11.04 9.47 9.80
MnO 0.04 0.07 0.01 0.07 0.08 0.13 0.06 0.07
MgO 5.81 6.01 6.30 4.72 5.71 2.74 4.33 3.50
ZnO 0.00 0.07 0.03 0.08 0.03 0.04 0.03 0.07
CaO 1.55 1.51 0.25 0.22 0.31 0.05 0.27 0.14
Na2O 1.32 1.36 2.04 1.91 1.97 1.44 1.78 1.54
K2O 0.06 0.08 0.02 0.04 0.05 0.04 0.05 0.02
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.95 9.96 10.41 10.24 10.28 10.12 10.10 10.15
Total 94.04 94.10 94.76 94.63 94.67 94.24 94.84 94.48
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.602 6.606 6.083 6.511 6.464 6.794 6.700 6.825
Cr 0.007 0.008 0.002 0.002 0.004 0.000 0.014 0.007
Ti 0.147 0.133 0.062 0.079 0.068 0.023 0.103 0.033
Fe2+ 1.131 1.095 1.166 1.252 1.093 1.586 1.364 1.403
Mn2+ 0.006 0.011 0.001 0.010 0.011 0.019 0.009 0.010
Mg 1.513 1.564 1.568 1.194 1.439 0.702 1.111 0.893
Zn 0.000 0.009 0.003 0.010 0.004 0.005 0.003 0.009
Ca 0.290 0.282 0.045 0.041 0.056 0.010 0.050 0.025
Na 0.447 0.460 0.661 0.629 0.646 0.480 0.594 0.511
K 0.013 0.017 0.004 0.008 0.012 0.008 0.011 0.005
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4
Number 103 7 8 9 10 11 12 15
Comment fine medium medium medium medium medium medium medium
SiO2 35.49 34.82 34.64 34.64 35.46 34.78 35.00 34.73
Al2O3 32.93 33.37 33.01 32.84 33.75 33.23 31.95 32.87
Cr2O3 0.03 0.00 0.01 0.03 0.01 0.04 0.01 0.00
TiO2 1.13 0.21 0.67 0.92 0.35 0.73 0.42 1.01
FeO 6.24 10.66 9.15 6.35 6.04 8.62 8.82 8.01
MnO 0.07 0.17 0.07 0.04 0.08 0.04 0.07 0.02
MgO 6.18 2.78 4.25 6.06 5.90 4.53 4.67 4.94
ZnO 0.04 0.07 0.01 0.00 0.02 0.07 0.12 0.02
CaO 0.49 0.17 0.27 0.74 0.54 0.27 0.27 0.58
Na2O 1.76 1.68 1.73 1.57 1.37 1.77 1.86 1.53
K2O 0.06 0.04 0.04 0.05 0.02 0.05 0.05 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.28 10.09 10.03 10.03 10.27 10.08 10.14 10.06
Total 94.70 94.06 93.89 93.28 93.81 94.20 93.37 93.81
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.561 6.777 6.739 6.704 6.730 6.756 6.455 6.693
Cr 0.004 0.000 0.001 0.005 0.001 0.006 0.001 0.000
Ti 0.144 0.027 0.087 0.120 0.045 0.095 0.054 0.131
Fe2+ 0.882 1.536 1.325 0.920 0.855 1.244 1.265 1.157
Mn2+ 0.010 0.025 0.011 0.006 0.011 0.006 0.010 0.003
Mg 1.558 0.714 1.097 1.565 1.488 1.165 1.194 1.272
Zn 0.005 0.009 0.001 0.000 0.003 0.008 0.015 0.002
Ca 0.089 0.031 0.050 0.138 0.098 0.049 0.049 0.107
Na 0.577 0.561 0.581 0.527 0.449 0.592 0.618 0.513
K 0.012 0.010 0.009 0.010 0.003 0.011 0.011 0.008
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4 bhfc4
Number 16 17 19 20 21 23 26 27
Comment medium medium coarse coarse coarse coarse coarse coarse
SiO2 34.96 34.80 34.32 35.69 34.51 34.74 35.27 34.70
Al2O3 31.73 33.44 33.05 31.09 33.56 32.74 33.72 32.66
Cr2O3 0.03 0.13 0.00 0.00 0.14 0.09 0.01 0.04
TiO2 0.84 0.58 0.21 1.19 0.97 0.75 0.10 0.75
FeO 7.58 4.79 11.67 7.26 5.91 7.04 10.07 5.59
MnO 0.03 0.02 0.08 0.05 0.01 0.02 0.14 0.03
MgO 5.49 6.60 2.57 5.63 5.96 5.57 2.88 6.28
ZnO 0.02 0.02 0.06 0.01 0.03 0.00 0.05 0.02
CaO 0.89 1.27 0.15 0.21 1.03 1.00 0.07 0.70
Na2O 1.48 1.37 1.69 1.67 1.47 1.38 1.29 1.62
K2O 0.01 0.08 0.04 0.02 0.06 0.03 0.04 0.06
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.13 10.08 9.94 10.34 10.00 10.06 10.22 10.05
Total 93.19 93.18 93.78 93.15 93.64 93.42 93.84 92.49
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.418 6.795 6.810 6.160 6.877 6.664 6.761 6.656
Cr 0.005 0.018 0.000 0.000 0.019 0.012 0.002 0.005
Ti 0.108 0.075 0.028 0.150 0.127 0.097 0.012 0.097
Fe2+ 1.088 0.691 1.706 1.021 0.859 1.017 1.433 0.808
Mn2+ 0.004 0.003 0.012 0.007 0.002 0.002 0.020 0.005
Mg 1.405 1.696 0.670 1.411 1.545 1.434 0.730 1.619
Zn 0.003 0.002 0.008 0.001 0.004 0.000 0.006 0.002
Ca 0.164 0.235 0.028 0.037 0.192 0.185 0.012 0.130
Na 0.493 0.458 0.573 0.544 0.496 0.462 0.426 0.543
K 0.002 0.018 0.009 0.004 0.013 0.007 0.008 0.013
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhfc4 bhfc4 bhfc4 bhfc4 bhsc3a bhsc3a bhsc3a bhsc3a
Number 30 31 32 33 2 3 4 5
Comment coarse v. coarse v. coarse v. coarse medium medium medium medium
SiO2 34.80 34.44 35.09 35.99 35.50 34.99 34.80 35.35
Al2O3 32.04 32.97 32.14 32.53 33.86 33.91 33.65 33.84
Cr2O3 0.06 0.00 0.00 0.08 0.00 0.05 0.00 0.04
TiO2 0.76 0.34 0.71 0.69 0.06 0.26 0.38 0.06
FeO 5.78 11.22 7.83 5.50 12.21 11.58 9.32 12.63
MnO 0.03 0.01 0.09 0.03 0.17 0.10 0.09 0.21
MgO 6.28 2.90 4.96 6.62 1.63 2.63 4.11 1.55
ZnO 0.02 0.15 0.04 0.06 0.06 0.16 0.13 0.09
CaO 0.58 0.21 0.15 1.01 0.05 0.13 0.20 0.05
Na2O 1.66 1.77 1.82 1.32 1.55 1.80 1.92 1.43
K2O 0.05 0.05 0.05 0.03 0.03 0.05 0.04 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.08 9.98 10.16 10.43 10.28 10.14 10.08 10.24
Total 92.14 94.03 93.03 94.28 95.41 95.79 94.71 95.52
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.511 6.770 6.477 6.392 6.745 6.853 6.838 6.769
Cr 0.008 0.001 0.000 0.011 0.000 0.007 0.000 0.006
Ti 0.099 0.044 0.091 0.087 0.008 0.034 0.049 0.008
Fe2+ 0.833 1.635 1.120 0.767 1.726 1.661 1.344 1.793
Mn2+ 0.005 0.002 0.012 0.004 0.024 0.015 0.012 0.030
Mg 1.614 0.753 1.264 1.645 0.411 0.672 1.056 0.392
Zn 0.003 0.019 0.005 0.007 0.008 0.020 0.017 0.012
Ca 0.106 0.038 0.027 0.180 0.010 0.023 0.037 0.009
Na 0.555 0.598 0.603 0.427 0.508 0.598 0.642 0.471
K 0.011 0.011 0.011 0.006 0.007 0.010 0.008 0.006
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
 
 136
 
Detrital tourmaline analyses       
         
Sample bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhsc3a bhcr1 bhcr1
Number 6 8 9 10 11 12 70 71
Comment medium medium medium medium medium medium v. fine v. fine
SiO2 34.26 35.36 35.38 35.50 35.30 35.04 35.25 35.63
Al2O3 33.78 32.22 31.99 30.38 28.99 28.50 33.66 32.75
Cr2O3 0.00 0.09 0.09 0.02 0.11 0.43 0.15 0.04
TiO2 0.35 0.64 0.74 0.72 0.76 0.76 0.70 0.86
FeO 11.64 7.04 7.11 6.25 8.07 7.85 6.64 6.13
MnO 0.17 0.03 0.04 0.03 0.05 0.05 0.03 0.03
MgO 2.18 6.08 6.33 7.86 7.65 7.84 6.12 6.69
ZnO 0.20 0.01 0.03 0.03 0.02 0.00 0.06 0.02
CaO 0.10 0.41 0.57 0.79 0.68 0.99 1.05 0.61
Na2O 1.89 1.89 1.88 2.02 2.24 2.13 1.40 2.00
K2O 0.03 0.04 0.04 0.01 0.02 0.04 0.03 0.03
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 9.92 10.24 10.25 10.28 10.23 10.15 10.21 10.32
Total 94.53 94.06 94.44 93.89 94.11 93.78 95.30 95.10
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.972 6.444 6.394 6.052 5.807 5.752 6.753 6.500
Cr 0.000 0.012 0.012 0.002 0.015 0.058 0.020 0.005
Ti 0.046 0.082 0.094 0.092 0.097 0.098 0.090 0.109
Fe2+ 1.705 0.999 1.008 0.883 1.147 1.124 0.945 0.863
Mn2+ 0.025 0.005 0.006 0.005 0.007 0.007 0.005 0.004
Mg 0.569 1.538 1.600 1.980 1.938 2.001 1.553 1.680
Zn 0.026 0.002 0.003 0.004 0.003 0.000 0.008 0.002
Ca 0.019 0.075 0.104 0.143 0.124 0.182 0.192 0.110
Na 0.642 0.622 0.618 0.662 0.738 0.707 0.462 0.653
K 0.008 0.009 0.008 0.003 0.005 0.009 0.006 0.007
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses       
         
Sample bhcr1 bhcr1 bhcr1 bhcr1 bhcr1 bhcr1 bhcr1 bhcr1
Number 72 73 76 77 78 79 80 81
Comment v. fine v. fine v. fine v. fine v. fine v. fine v. fine v. fine
SiO2 35.35 34.95 35.87 35.64 36.18 35.94 34.68 34.94
Al2O3 32.67 30.90 32.05 33.21 31.89 32.63 34.62 33.29
Cr2O3 0.12 0.44 0.00 0.13 0.03 0.09 0.18 0.07
TiO2 0.83 1.27 1.11 0.78 0.70 0.81 0.50 0.96
FeO 6.79 4.99 8.38 7.42 8.93 8.03 6.67 6.96
MnO 0.02 0.11 0.09 0.00 0.03 0.02 0.00 0.08
MgO 6.32 8.20 5.20 5.95 5.19 5.52 5.73 6.22
ZnO 0.00 0.02 0.00 0.00 0.00 0.02 0.06 0.03
CaO 0.75 1.81 0.13 0.49 0.41 0.53 1.34 1.09
Na2O 1.90 1.56 1.85 1.89 1.78 1.82 1.33 1.57
K2O 0.03 0.05 0.01 0.02 0.03 0.03 0.04 0.05
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B2O3* 10.24 10.12 10.39 10.32 10.48 10.41 10.05 10.12
Total 95.02 94.43 95.07 95.85 95.66 95.84 95.19 95.38
         
                                       -- Atomic proportions on the basis of 6 silicons --   
         
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al 6.535 6.252 6.318 6.589 6.233 6.420 7.059 6.738
Cr 0.017 0.060 0.000 0.017 0.005 0.012 0.024 0.009
Ti 0.105 0.164 0.140 0.099 0.087 0.102 0.065 0.125
Fe2+ 0.964 0.716 1.172 1.045 1.239 1.121 0.965 1.000
Mn2+ 0.002 0.016 0.013 0.000 0.004 0.003 0.000 0.011
Mg 1.599 2.099 1.297 1.493 1.283 1.374 1.478 1.592
Zn 0.000 0.003 0.000 0.000 0.000 0.002 0.008 0.004
Ca 0.136 0.333 0.023 0.089 0.073 0.095 0.248 0.201
Na 0.625 0.519 0.600 0.617 0.572 0.589 0.446 0.523
K 0.007 0.011 0.001 0.004 0.007 0.006 0.008 0.011
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
         
* Calculated on the basis of 3 B atoms per formula unit    
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Detrital tourmaline analyses      
        
Sample bhcr1 bhcr1 bhcr1 bhcr1 bhcr1 bhcr1 bhcr1 
Number 82 86 90 91 92 93 94 
Comment v. fine fine fine fine fine fine fine 
SiO2 35.29 35.15 34.68 35.36 35.59 34.36 34.40 
Al2O3 33.23 33.53 33.69 31.95 33.21 32.78 32.33 
Cr2O3 0.06 0.07 0.02 0.06 0.02 0.00 0.00 
TiO2 1.11 0.51 0.25 0.78 0.42 0.35 0.53 
FeO 7.67 7.03 13.02 9.18 8.65 14.23 14.10 
MnO 0.03 0.01 0.12 0.01 0.06 0.14 0.13 
MgO 5.32 5.48 1.83 5.10 5.14 1.46 1.65 
ZnO 0.05 0.00 0.20 0.05 0.01 0.17 0.12 
CaO 0.51 0.61 0.12 0.45 0.32 0.23 0.25 
Na2O 1.82 1.61 1.64 1.70 1.78 1.72 1.68 
K2O 0.03 0.06 0.03 0.02 0.01 0.05 0.05 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3* 10.22 10.18 10.05 10.24 10.31 9.95 9.97 
Total 95.34 94.23 95.65 94.90 95.52 95.44 95.20 
        
                                       -- Atomic proportions on the basis of 6 silicons --  
        
Si 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Al 6.659 6.746 6.870 6.390 6.599 6.746 6.646 
Cr 0.008 0.009 0.003 0.008 0.003 0.000 0.000 
Ti 0.142 0.066 0.033 0.099 0.053 0.046 0.070 
Fe2+ 1.091 1.004 1.884 1.303 1.220 2.078 2.057 
Mn2+ 0.004 0.002 0.017 0.001 0.008 0.021 0.019 
Mg 1.348 1.395 0.472 1.290 1.292 0.380 0.429 
Zn 0.006 0.000 0.025 0.006 0.002 0.022 0.015 
Ca 0.093 0.111 0.022 0.083 0.058 0.043 0.048 
Na 0.600 0.533 0.550 0.559 0.582 0.582 0.568 
K 0.006 0.012 0.008 0.004 0.002 0.011 0.011 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
        
* Calculated on the basis of 3 B atoms per formula unit   
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